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Asphaltenes a r e  considered t o  be t h e  p r i n c i p l e  i n t e r m e d i a t e s  i n  t h e  
conversion of c o a l  t o  2n o i l  products .  : i e l l e r  /1 /  s t a t e d  That t h e  
c a t a l y t i c  conversion o f  coa l  involves  two consecut ive  first o r d e r  
r e a c t i o n s :  

A t  400°C k 
k, as 10 t L e s  h i g h e r  then k2. 
Liebenberg and l Jo tg l e t e r  /2/ der ived  another  mechanism which i n c l u -  
des  the  fo l lowing  r e a c t i o n s :  

1 /  k2 Coal ---- kl, Aspheltenes ---0 Oil 
was r e p o r t e d  a s  27 t imes h i g h e r  than  k2 and a t  44OoC 

k kl  Coal ---+ i s p h a l t e n e s  ---+ O i l  
k 

k 
Coal ---2, hsphel tenes  2/  

c o a l  --A o i l  3 /  

He t e n t a t i v e l y  determined t h e  sum k +k a t  4OO0C and 44OoC i n  t h e  
conversion of coa l  w i t h  t e t r a l i n  ana n$ c a t a l y s t  added. 
blore r e c e n t l y  Yoschida e t  al .  / 3 /  e s t a b i l i s h e d  t h a t  t h e  mechanism 
f o r  c a t a l y t i c  conversion of  Hokkcido c o a l s  i n c l u d e s  React ion 1 
and 3 .  It is worth t o  emphasize t h a t  according t o  t h e i r  exper i -  
ments k 
upon c o h  type. 
Sternberg e t  al .  /4,5/  have proposed t h a t  preas2hal tenes  a r e  t h e  
in te rmedia tes  between c o a l  and zsphal tenes .  Contrary t o  t h i s ,  
Schweger and Yen /6/ cons idered  t h a t  "preasphal tenes  may a r i s e  
from r e a c t i v e  coa l  depolymerizat ion m o i e t i e s ,  which a r e  . . . repo- 
lymerized i n t o  m a t e r i a l s  more d i f f i c u l t  t o  degrade t h a n  t h e  
o r i g i n a l  c o a l  substance".  
C o l l i n s  e t  al.  /7/ c la im t h a t  "carbon-carbon s c i s s i o n  must be 
considered as an  impor tan t  f a c t o r  i n  a s p h a l t e n e  formabionfl and i n  
preasphal tenes  format ion  8s well .  The s ta tement  has a r r i s e d  from 
t h e i r  experiments based on thermal t rea tment  /over  3OO0C/ of model 
compounds - a r y l a l k a n e s ,  diphenylzlkanes and a r y l  a l k y l  e thers .  
we have found t h a t  a s p h a l t e n e s  and preasphal tenes  a r e  t h e  compo- 
n e n t s  of coa l  e x t r a c t s .  Coals were e x t r a c t e d  a t  ambient tempera- 
t u r e  and p r e c a u t i o n s  i n  a n a l y t i c a l  procedure have been observed. 
Therefore,  t h e  components of  t h e  e x t r a c t  may be considered they  
a r e  the  components of o r i h i n a l  coal .  

i s  cons iderably  h i g h e r  o r  lower t h a n  kl and k2, depending 
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3XPERIMEITTAL 
High v o l a t i l e  A bituminous c o a l  J / v i t r i n i t e  60%, i n e r t i n i t e  33%, 
e x i n i t e  6%/ and hvab c o a l  Vi / v i t r i n i t e  45%, i n e r t i n i t e  45%, 
e x i n i t e  lo%/ have been i n v e s t i g a t e d .  Proximate and u l t i m a t e  
ana lyses  a r e  p re sen ted  /Table l/. 
EXTRA C TIOi t  
Coal samples / <1,4mm/ were e x t r a c t e d  i n  t h e  Soxhle ts  a t  ambient 
temperature f o r  150 hours. Benzene-ethanol 7:3 vv mixture  has been 
applied.  Yie lds  and ulttimate z n a l y s i s  of t h e  e x t r a c t s  o r e  g iven  
/Teble I/ .  Although t h e  y i e l d s  a r e  l o n  they  a r e  cons ide rab ly  h i g h e r  
than  benzen .ex t r ac t  o r  e t h a n o l  e x t r a c t  y i e lds .  
Temperature cur r icu lum o f  t h e  e x t r a c t e d  compounds: a f t e r  ex t r ac -  
t i o n  a t  ambient tempera ture  t h e  e x t r a c t  s o l u t i o n  has  been in f luen -  
ced by temperature below 100°C / t h e  bottom f l a s k  o f  t h e  Soxhlet  
water  bath hea ted /  f o r  18 hours  / a f t e r  each 18-hour pe r iod ,  solu- 
t i o n  has been removed and f r e s h  s o l v e n t s  poured/. The t o t a l  e x t r a c t  
s o l u t i o n  was c a r e f u l l y  f i l t r a t e d  and t h e  s o l v e n t s  were evapora ted  
from i t  i n  a r o t a r y  appa ra tus  a t  5OoC and reduced pressure .  

FRACTIONATION OF THE EXTaCTS 
hes  been c a r r i e d  o u t  accord ing  t o  t h e  scheme /Pig. I /  besed on t h e  
procedure desc r ibed  by Schweighardt e t  a1./8, 9/ f o r  a n a l y s i s  o f  
hydrogenated c o a l  l i q u i d s .  
The fo l lowing  group components have been i s o l a t e d  /Table 2/: 
preasphal tenes  i.e.,  benzene in so lub le s /py r id ine  s o l u b l e s  
asphal tenes  i.e., benzene so lubles /hexane  i n s o l u b l e s  
b a s i c  f r a c t i o n  o f  a spha l t enes  
ac id i c /neu t r a l  f r a c t i o n  of a spha l t enes  
benzene and hexane s o l u b l e s  
Temperature cur r icu lum o f  t h e  e x t r a c t e d  compounds, cont inued:  a l l  
gr0v.p components were f r e e d  from the  s o l v e n t s  i n  a r o t a r y  eppa ra tus  
c t  5OoC /except py r id ine  i n s o l u b l e s /  and reduced p r e s s u r e  t o  con- 
stant weight /except p y r i d i n e  so lub le s / .  Other a n a l y t i c a l  works 
were done a t  ambient tem_nerature. Saxples m r e  s t o r e d  i n  n i t rogen .  
Extract+benzene / l  Og: I O O m l /  were v igo rous ly  s t i r r e d  f o r  3 hours. 
Benzene i n s o l u b l e s  B I  i‘iere f i l t r a t e d ,  washed, d r i e d ,  weighed. Then 
pyri.dine was added t o  B I  and t o t a l  - s t i r r e d  f o r  1 hour. P j r i d i n e  
i n s o l u b l e s  P I  mere f i l t r a t e d ,  washed and d r i e d  above 100°C t o  cons- 
t a n t  weight. 
The conten t  of p y r i d i n e  s o l u b l e s  PS has  been determined by d i f f e -  
rence  : 
B I  - PI = preasphe l t enas ,  
3:i.xeozone f i n a l  amount of py r id ine  cannot be removed from then 
a t  50 C. 
S o l u b i l i t y  of  p reaspha l t enes  
Tie t r i e d  t o  r e d i s s o l v e  t h e  p reaspha l t enes  i n  t h e  same s o l v e n t  mix- 
t u r e  2s app l i ed  i n  c o a l  e x t r a c t i o n  /benzene:ethanol 7:3/. It has 
been s t a t e d  t h e t  p renspha l t enes  i s o l a t e d  from the  c o a l  e x t r a c t  z r e  
e a s i l y  d i s so lved  a t  a b i e n t  tempera ture  i n  t h e  mix tu re ,  a l though 
they  a r e  i n s o l u b l e  i n  benzene o r  e thanol .  Therefore ,  no i n d i c a t i o n  
of t h e i r  po lymer iza t ion  /6/ which could contrTbute t o  a formation 
of prezsphal tenes  has been found. 
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Fur ther  a n a l y t i c a l  work on t h e  s e p a r a t i o n  o f  preasphal tenes  by H C 1  
s a t u r a t i o n  of benzene/ethanol  s o l u t i o n  has  n o t  been completed ye t .  
The benzene s o l u b l e  o r t i o n  of t h e  e x t r a c t  is reduced i n  volume by 

benzene is  reached, Then BS concen t r a t e  i s  s lowly  in t roduced  by 
drops i n t o  v igo rous ly  s t i r r e d  hexane. F i l t r a t e d ,  washed and d r i e d  
p r e c i p i t a t e  y i e l d s  the content  of asphal tenes .  
The asphal tenes  a r e  d i s s o l v e d  I n  to luene ,  f i l t r a t e d ,  then  dry  H C 1  
is bubbled through the s o l u t i o n  u n t i l  no f u t h e r  p r e c i r i t a t i o n  i s  
observed. Chlor ide  p r e c i p i t a t e  is f r e e d  f r o m  H C 1  by to luene / ln  
aqueous NaOH t r ea tmen t  and a f t e r  evaporati0.n of to luene  t h e  content  
of  bas i c  p o r t i o n  of  a spha l t enes  is determined. 
Compounds which d i d  n o t  f o r m  H C 1  adducts  and remained i n  to luene  
were recovered by evapora t ion  /nonbasic p o r t i o n  of asphal tenes / .  

TLC ANALYSIS OF THE EXTRACT AND ITS SEPARATION PRODUCTS 
Table 3. Thin-Layer Chromatoarapkv cond i t ions  

n i t r o g e n  f l u s h  a t  50 8 C u n t i l  an approximate r a t i o  lg:5ml so lub le s  : 

Solvent  Develop- 
Solvent  system r a t i o  ment 

!,I C B I\? C B cyc le  
e x t r a c t  methanol chloroform -- 1 : 1 - 1/2; f u l l  
preasph, methanol chloroform benzene 1 : 1 : 1 f u l l  
bases  methanol chloroform -- 1 : 1 - f u l l  
nonbases methanol chloroform -- 1 : 1 - 1/2; f u l l  

- 

Beutra l  g e l  / type bDV-Kieselgel -El?/ on 20x20 cm p l a t e s  was used. 
F u l l  development c y c l e  was 16 cm high;  1 /2  c y c l e  i s  r e a l i z e d  as 
fo l lows;  t h e  p l a t e  is kept  i n  t h e  chamber u n t i l  so lven t  reached 
1/2 he igh t ,  removed from chamber, d r i e d  under n i t r o g e n ,  r e i n s e r t e d  
i n  chamber. 
The appl ied  s p r a y  r e a  e n t s  f o r  f u n c t i o n a l  group d e t e c t i o n  on TLC 
p l a t e s  a r e  p re sen ted  ?Table 4/. 

Table 4. Thin-Layer Sprag Reagents 
Func t iona l  group i n d i c a t i o n  Detect ion 
Ar-OH N-H r i n g  =N-ring iir-fiEi2 l i m i t  / E /  

Reagent Phenol P f r r o l  P n i d i n e  Amines 
type  t s p e  tgpe 

F a s t  Blue r ed -  brown- -- yellow- o, o1 
S a l t  B v i o l e t  v i o l e t  orange 

FeC13 dark 
3% i n  0,511 HC1 green -- blue 0 , O l  

091 
jvachmeister's . yel low- purple-  -- brown- 
Reagent v i o l e t  brown green  

E r l  i c h ' s  
Reagent 

Dragendorf f 's 
Reagent 

brown beige 095 Iodop la t ina t e  -- -- 
a / a f t e r  few hours 
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Prepa ra t ion  o f  t h e  r eagen t s  is  based on E. Merck handbook - 
"Anf2lrbereagensien f u r  DUnnschicht- und Papier-Chromatographie", 
Darmstadt, 1970. The same r e a g e n t s  were app l i ed  by us /IO/ i n  
a n a l y s i s  of  hydrogenated coa l  l i q u i d s .  
Resu l t s  of TLC a n a l y s i s  o f  t h e  coa l  e x t r a c t  a s  we l l  as i t s  sepa ra -  
t i o n  products a r e  summarized /Table 5/. 
Table 5. Resu l t s  of Spray Reagent Tes t :  

Funct iona l  Group 
Ar-OH iJ-H r i n g  =N- r i n g  Ar-NHa 
Phenol Pyr ro l  Py r id ine  Amine2 
type  type  t m e  

Ex t rac t  + + + + 
Preasphal tenes  + + + + b 

+ + Asphaltene --- --- 
bases  
Asphaltene 
a c i d i c b e u t r a l  + 

--e --- + 
~~ ~ ~~ 

q L C - S p r a y  R e a g e n t i n d i c a t i o n  o f  amine presence i s  no t  an i r r e -  

b/ ideaningless t e s t  - preaspha l t enes  a r e  contaminated by py r id ine  

The r e s u l t s  i n d i c a t e  t h a t  a spha l t enes  der ived  from t h e  coa l  e x t r a c t  
con ta in  heterocompounds vihich may be sepa ra t ed  i n t o  b a s i c  and 
a c i d i c / n e u t r a l  f r a c t i o n s .  Phenol and p y r r o l  d e r i v a t i v e s  a r e  p re sen t  
i n  the  a c i d i c  f r a c t i o n ,  py r id ine  d e r i v a t i v e s  -- i n  t h e  b a s i c  p o r t i o n  
We d i d  not  f i n d  any amphoteric subs tances  i n  t h e  b a s i c  no r  i n  t h e  
a c i d i c  f r a c t i o n .  Therefore,  t h e  analogous r e s u l t s  have beea o b t a i -  
ned i n  a n a l y s i s  o f  a spha l t enes  e x t r a c t e d  from c o a l  a t  ambient tem- 
pe ra tu re  / t h i s  paper/  and a spha l t enes  der ived  from t h e  h igh  tem- 
pe ra tu re  coa l  convers ion  products /5, 8, 9 ,  lo/. 

INFRA-RED SPZCTROiiTETRY OF THS EXTRACT AND SOMd SZPARATIOM PBODUZTS 
Spect ra  have been recorded  by C. Ze iss  saec t rophotometer  Specord 
71 I R  IvIodel /NaCl prism/. 
Spec t ra  of t h e  e x t r a c t  i n  K 3 r  p e l l e t  /curve .I/, b a s i c  f r a c t i o n  
/curve B/ and a c i d i c / n e u t r a l  f r a c t i o n  of  a spha l t enes  /curve C /  - 
both i n  2% CS s o l u t i o n s ,  0 ,6  mm f i x e d  pa th  l eng th  c e l l ,  a r e  
presented  /Fig. 2/. CS bands have been coalpensated by a p T l i c e t i o n  
o f  v a r i a b l e  pa th  c e l l  2 i n  r e fe rence  beam. 
Broad and h igh  band i n  3590-3050 cm-' range i s  a s7;rong i n d i c a t i o n  
o f  t he  presence o f  hydrogen bonded heterocoa2ounds i n  t h e  e x t r a c t .  
S p e c t r m  of  base  shows: 
i n  3570-3100 C ~ I I - ~  range - weaK, broad band which mey e r i s e  f r o m  

f u t a b l e  proof. 

dur ing  s e p a r a t i o n  procedure. 

s t r e t c h i n g  v i b r a t i o n s  of  X-H Erou;),  f r e e  or/znd hydrocen 
bonded; t e k i n e  i n t o  account TLC-sprey r eecen t  t e s t  r e s u l t s  
/ py r ro l  type  IT-H and phenol ty?e  0-3 excluded/ t h e  above 
5ana a r i s e  from zmine 7y2e IT-H oond. 



1730 cm" band i n d i c a t e s  carbonyl group o f  c y c l i c  unsa tu ra t ed  
ketones , and/or d ike tones  , and/or quinones. However, t h i s  
band is  absent  i n  t h e  e x t r a c t  spectrum. Therefore,  oxida- 
t i o n  o f  t h e  b a s i c  f r a c t i o n  inay be a reason. 

0-H and/ r i n t r a m o l e c u l a r  phenol 0-H.. . . .$ o r b i t a l  band; 

molecular 0-H bonded group; abso rp t ion  of p y r r o l  type  N-H 
s t r e b c h i n g  and/or %...OH v i b r a t i o n s  occurs  w i t h i n  t h e  
renge IS w e l l ;  

t i o n s  of' C-0-C a r j l  e t h e r s  and/or s k e l e t a l  v i b r a t i o n s  of 
fu ranes ;  t he  p r  sence  o f  f u r a n e s  is i n d i c a t e d  a s  w e l l  by 
880 end 860 cm-' duble t .  

ilowever, t h e  assignment of a l l  o t h e r  bands has been c a r r i e d  o u t ,  
i t  i s  no t  p re sen ted  h e r e ,  s i n c e  complex composition o f  t he  samples 
limits i t s  d i a g n o s t i c  va lue .  On t h e  o t h e r  hand, p a r t  o f  i t  is  
c l e a r l y  v i s i b l e  and t r i v i a l ,  f o r  i n s t e n c e  - h ighe r  conten t  of 
aroinatic and a l k y l  groups i n  a c i d i c  f r a c t i o n  than  i n  b a s i c  f r a c t i o n .  

COBCLUSIOXS 
Asphaltenes aild p reespha l t enes  a r e  t h e  components of an o r i g i n a l  
coa l .  Therefore,  some p o r t i o n s  of  t h e s e  group components i n  c o a l  
l i q u e f a c t i o n  products  a r e  n o t  t he  products  of thermal no r  c a t a l y -  
t i c  conversion. 
The r e a l  conten t  of e sphz l t enes  and p reespha l t enes  i n  an  o r i g i n a l  
c o a l  is  s t i l l  an unanswered ques t ion .  i'ie have y e t  t o  know more 
on electron-donor 2nd -acceptor  p r o p e r t i e s  of so lven t  mixtures  
a s  we l l  2s abcut s t r e n g t h  of donor-zcceptor bonds occur ing  i n  coa l  
s u b s t a n c e , i f  one i n t e n d s  t o  s e l e c t  s o l v e n t  mixture  capable of 
e x t r a c t i n g  t o t a l  amount of t hese  components from coal. 
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Spectrum of a c i d ' c / n e u t r z l  f r a c t i o n  shows: 
i n  3585-3550 cm-# range  - s h a r p  band c h a r a c t e r i s t - c  of f r e e  phenol 

i n  3495-3100 cm-? range  - broad band c h a r a c t e r i s t i c  o f  i n t e r -  

s h a r p  1030 cm'? band may e r i s e  from symmetric s t r e t c h i n g  v ib ra -  
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THE HYDROTREATMENT OF COAL W I T H  AlC13/HC1 AND OTHER 
STRONG A C I D  MEDIA 

J. Y. Low and D. S.  Ross 

S tanford  Research I n s t i t u t e  
333 Ravenswood Avenue, Menlo Park, C a l i f o r n i a  94025 

INTRODUCTION 

Most c u r r e n t  p r o c e s s e s  f o r  upgrading c o a l  t o  c l e a n e r  f u e l s  r e q u i r e  s t r i n g e n t  
r e a c t i o n  condi t ions  of  h i g h  temperatures  and pressures .  Less s e v e r e  r e a c t i o n  con- 
d i t i o n s  a r e  needed to  make c o a l  upgrading economically f e a s i b l e .  The o b j e c t i v e  o f  
t h i s  work w a s  t o  i n v e s t i g a t e  c a t a l y s t  systems f o r  upgrading of c o a l  t o  c lean  f u e l s  
under moderated condi t ions .  In t h i s  work, homogeneous a c i d  c a t a l y s t s  a r e  of par- 
t i c u l a r  i n t e r e s t  because they  a l low i n t i m a t e  c o n t a c t  wi th  t h e  coa l ,  they a r e  n o t  
l i a b l e  t o  c o a l  ash  f o u l i n g ,  and they  a r e  e a s i l y  recovered from the c o a l  ash.  

The most common homogeneous c a t a l y s t s  s t u d i e d  i n  c o a l  upgrading belong t o  t h e  
genera l  c l a s s  of molten s a l t  c a t a l y s t s ,  (1-5) and inc lude  h a l i d e  salts of antimony, 
bismuth, aluminum, and many of t h e  t r a n s i t i o n  metals. Most of ten ,  t h e s e  molten s a l t s  
have been s t u d i e d  a t  h igh  tempera ture ,  and i n  massive excess .  (1-5) W e  have perform- 
ed a sys temat ic  s tudy  o f  t h e  use  of some of these  molten s a l t s  a s  t h e  homogeneous 
ac id  c a t a l y s t s  f o r  upgrading of c o a l  a t  r e l a t i v e l y  low temperatures  and moderate 
q u a n t i t i e s .  

I n  our i n i t i a l  work to  e s t a b l i s h  r e l a t i v e l y  mild r e a c t i o n  condi t ions  t h a t  would 
s t i l l  give r e l a t i v e l y  good conversions,  we conducted a s e r i e s  of experiments  t o  
determine t h e  r o l e  of  Wl, A l C l 3 ,  and H2 i n  c o a l  hydrocracking.  
e f f e c t s  of temperature  and r e s i d e n c e  t i m e ,  s t u d i e d  c a t a l y s t / c o a l  weight  r a t i o s  of 
1:l t o  3:1, and f i n a l l y  chose t h e  s tandard  r e a c t i o n  condi t ions  for  t h e  screening  of 
s e v e r a l  ac id  c a t a l y s t s .  
r e s u l t s .  

We examined t h e  

This paper  summarizes t h e  exper imenta l  s t u d i e s  and our  

EXPERIMENTAL STUDIES. 

We used I l l i n o i s  No. 6 c o a l ,  which was pulver ized  by b a l l  m i l l i n g  under n i t rogen  
t o  60 mesh and then u s u a l l y  d r i e d  i n  a vacuum oven at 115OC overn ight .  
S t a t e  Univers i ty  s u p p l i e d  b e n e f i c i a t e d  c o a l  samples (PSOC-26) as w e l l  a s  an unbene- 
f i c i a t e d  sample (PSOC-25) f o r  u s e  i n  some experiments .  The r e a c t o r  used was e i t h e r  
a rocking  500-ml a u t o c l a v e  f u l l y  l i n e d  wi th  Teflon,  o r  a 300-ml Haste l loy  C Magne- 
Drive s t i r r e d  au toc lave  from Autoclave Engineers .  Standard te t rahydrofuran  (THF) and 
p y r i d i n e  s o l u b i l i t i e s  were determined f o r  t h e  d r i e d  product  c o a l  by s t i r r i n g  a 0.50 g 
sample of t h e  product  c o a l  i n  50 rnl THF o r  p y r i d i n e  a t  room temperature  f o r  1 h r ,  
f i l t e r i n g  t h e  mixture  i n  a medium p o r o s i t y  s i n t e r e d  g l a s s  f i l t e r ,  and then  washing 
t h e  res idue  w i t h  f r e s h  s o l v e n t  ('b 50 m l )  u n t i l  t h e  washings were c l e a r .  

Pennsylvania 

RESULTS AND DISCUSSION 

I n  a s e r i e s  of r u n s  i n  a rocking  Teflon-l ined au toc lave ,  we f i r s t  s t u d i e d  t h e  
r o l e  of fic1, AlCl3, and H2 i n  c o a l  hydrocracking,  us ing  5 g each of  AlCl3 and c o a l ,  
a t  190°C ( j u s t  above t h e  m e l t i n g  p o i n t  of AlCl3), f o r  15  and 5 hr .  
F igure  1, one o r  more of  t h e  t h r e e  components were absent  i n  Runs 1 t o  6 and 9, and 
i n  each case no i n c r e a s e  i n  THF and p y r i d i n e  s o l u b i l i t i e s  was observed.  I n  Run 10, 
where a l l  t h r e e  components were p r e s e n t ,  s o l u b i l i t i e s  i n c r e a s e d  s u b s t a n t i a l l y ,  sug- 
g e s t i n g  t h a t  t h e  AlC13/HCl system w a s  a c t i v e .  
por tance  of HC1 i n  t h e  system under these  c o n d i t i o n s ,  however t h e  r e s u l t s  a r e  not  
unequivocal. 
groups and t r a c e s  of  water ,  undoubtedly hydrolyzes  some of t h e  A l C l 3 ,  producing H C L  

A s  shown i n  

Runs 7 and 10 serve  t o  a s s e s s  t h e  ip 

Here, t h e  presence  i n  t h e  c o a l  of pro ton  sources ,  such as phenol ic  
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These runs  i n d i c a t e  t h a t  no added H C 1  is r e q u i r e d  f o r  c o a l  hydrocracking at t h e s e  
lower temperatures. 

A t  h igher  r e a c t i o n  temperatures  (210OC) and s h o r t e r  r e a c t i o n  time (5 h r )  on t h e  
o t h e r  hand, the  added €IC1 c l e a r l y  i n c r e a s e s  t h e  conversion (Runs 2 1  and 25) ,  suggest-  
i n g  t h a t  the  e f f e c t i v e  c a t a l y s t  i n  t h e  system must c o n t a i n  t h e  elements  of H C 1  and 
AlCl3. 

Next, w e  s t u d i e d  t h e  e f f e c t  of  p o t e n t i a l  H-donor hydrocarbons and temperature .  
We based our  work on t h e  r e s u l t s  of S i s k i n , ( 5 )  who found t h a t  s a t u r a t e d ,  t e r t i a r y  
hydrocarbons s e r v e  as e f f e c t i v e  hydride donors i n  t h e  s t r o n g  acid-promoted hydro- 
genolys is  of benzene. I n  o u r  system they proved i n e f f e c t i v e  (Runs 1 7 ,  22, 24, and 
26, F igure  1). Higher temperatures  a l lowed s h o r t e r  r e a c t i o n  times. The r e s u l t s  f o r  
Run 18 (only 5 h r  a t  195°C) are comparable t o  t h o s e  f o r  Runs 7 and 1 0  (15 h r ,  190'C). 
Runs a t  195'C f o r  15 hr w e r e  s i g n i f i c a n t l y  more e f f e c t i v e ,  and t h e  convers ion  
Run 12 a t  5 h r  and 210°C is about  t h e  same as t h a t  of Run 16 f o r  1 5  h r  a t  195°C. 

f o r  

Next, w e  s t u d i e d  t h e  e f f e c t s  of t h e  r e a c t i o n  per iod  and c a t a l y s t  t o  c o a l  weight 

We f i r s t  compared t h e  e f f e c t s  of t h e  c a t a l y s t /  
r a t i o  on both t h e  product  c h a r a c t e r  and t h e  c o a l  product  y i e l d s  i n  both  t h e  Teflon- 
l i n e d  and the  Has te l loy  C au toc laves .  
c o a l  r a t i o  and a t  a weight r a t i o  of  1 . 0 , ' t h e  two systems y ie lded  products  wi th  
s t r i k i n g l y  d i f f e r e n t  p y r i d i n e  s o l u b i l i t i e s :  about  60% with t h e  Tef lon  equipment. 
I n c r e a s i n g  the  c a t a l y s t / c o a l  r a t i o  t o  2 .0  increased  s o l u b i l i t i e s  t o  above 90%, b u t  
a f u r t h e r  r a t i o  i n c r e a s e  a c t u a l l y  caused s o l u b i l i t i e s  t o  decrease s l i g h t l y .  The 
s o l i d  product  recovery a l s o  decreased wi th  i n c r e a s i n g  c a t a l y s t / c o a l  r a t i o .  A t  a 
2.0 r a t i o ,  only about  h a l f  t h e  c o a l  was recovered as a s o l i d  product. The o t h e r  
h a l f  w a s  g a s i f i e d .  
however, t h e  pyr id ine-so luble  f r a c t i o n  d i d  not  m e l t  even up t o  280'C. The c o a l  
products  from t h e  Teflon-l ined r e a c t o r  have c o n s i s t e n t l y  h igher  H / C  r a t i o  than t h o s e  
from t h e  Has te l loy  C r e a c t o r .  
au toc lave  sur face  on t h e  resul ts ,  but  p a s s i v a t i o n  o f  t h e  metal  s u r f a c e  by some 
minimum quant i ty  of c a t a l y s t  i s  p a r t  of t h e  answer. 
Tef lon  s u r f a c e  is h e l p f u l .  

The s o f t e n i n g  p o i n t  f o r  t h e  THF-soluble f r a c t i o n  was about  150°C; 

We have no d e t a i l e d  explana t ion  f o r  t h e  e f f e c t  of 

Whatever t h e  mechanism, t h e  

I n  runs over  vary ing  r e s i d e n c e  times i n  t h e  Has te l loy  C au toc lave  a t  a c o n s t a n t  
2.0 c a t a l y s t / c o a l  r a t i o ,  w e  observe s i g n i f i c a n t  d i f f e r e n c e s  i n  g a s i f i c a t i o n .  
of 5 h r  down t o  90 min, s o l i d  product  recovery was 45 t o  50%. 
s o l i d  product  recover ies  were 66 t o  72%. The H/C v a l u e s  f o r  t h e  i s o l a t e d  s o l i d  
product  coa ls  f o r  a l l  six r u n s  were remarkably similar, from 0.82 t o  0.85. S i m i l a r l y ,  
a l l  c o a l  products  have p y r i d i n e  s o l u b i l i t i e s  g r e a t e r  than  90%. 
may expla in  these  da ta .  

In runs  
In t h e  45 min runs ,  

The fo l lowing  scheme 

The c a t a l y s t  system g a s i f i e s  some of t h e  c o a l  d i r e c t l y  t o  methane and ethane.  
T h i s  r e s u l t ,  and t h e  e f f e c t s  of temperature  on c o a l  conversion,  a r e  shown i n  Table 1. 

The Table shows d a t a  from runs  a t  210°C f o r  r e a c t i o n  t i m e s  from 45 m i n  t o  5 h r ,  
and a t  300'C f o r  experiments  a l l  f o r  90 min.( the 210°C d a t a  are from an earlier phase 
of  our  work, where t h e  g a s i f i c a t i o n  w a s  no t  q u a n t i f i e d .  
determined by d i f f e r e n c e .  
were determined independent ly ,  and thus  t h e  mass balances  f o r  these  r u n s  are not  
e x a c t l y  100%). 

Thus t h e  g a s i f i c a t i o n  was 
For  t h e  30OoC work, t h e  q u a n t i t i e s  of g a s e s  and r e s i d u e  

From the lower temperature  r e s u l t s ,  i t  is  seen t h a t  t h e  degree of  g a s i f i c a t i o n  
i n c r e a s e s  wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  The s o l i d  c o a l  products  from t h e s e  runs  
are a l l  h ighly  p y r i d i n e  s o l u b l e ,  and have e f f e c t i v e l y  t h e  same H/C r a t i o ,  of  0.83 - 
0.84. (The H/C r a t i o  of t h e  s t a r t i n g  c o a l  is 0.79). 

The 300'c runs are a l l  f o r  90 min, and experiments  83 and 85 show s t r i k i n g  
degrees  of g a s i f i c a t i o n .  F u l l y  go+% of t h e  carbon i n  t h e  c o a l  was converted t o  a 
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50:50 mixture  of  methane and e thane  i n  t h e s e  experiments .  The n e x t  t h r e e  runs were 
run  without  HC1 p r e s e n t ,  and a cumulat ive e f f e c t  of  its absence i s  seen.  The 
degrees  of g a s i f i c a t i o n  d e c l i n e  s e v e r e l y ,  and t h e  s o l i d  c o a l  products  recovered 
a l l  have lessened  p y r i d i n e  s o l u b i l i t i e s  and H / C  r a t i o s .  
w a s  observed by Kawa, e t  a l .  (2) .  

A similar e f f e c t  f o r  H C 1  

These d a t a  can be e x p l a i n e d  by t h e  fol lowing scheme. 

Run Residence Coal Residue 
T i m e  % Rcvdl % Pyr I H / C  

Coal 1 Coal Prod. 2~ c1 -I- c- 

% 
Coal 

H / C  = 0.79 H 2 / C a t .  H/C = 0.83 H 2 / C a t .  

I 

21ooc 

67 5 h r  39 97 0.83 61b 

46" 48 87 0.82 52b 

41  4 h r  49 9 1  0.84 51b 

66 90 m i n  41 96 0.85 53b 

6gd 45 min 72 93 0.82 28b 

71 66 97 0.84 34b 

30OoC 

83  90 m i n  1 8  78 , 0.12 96 

85 1 8  83  0.74 90 

30 60 0.75 72 

49 31 0.68 56 

I88  1 " I 68 I 28 I 0.641 36 1 

Char 

H2/no Cat. T C  = 0.75 .-e 0.64' 

Run 
Without 

H C 1  

Table 1 

THE EFFECT OF RESIDENCE TIMES ON COAL GASIFICATION 

(4 g I l l i n o i s  No. 6 c o a l ,  8 g A l C l 3 ,  500 p s i  HC1, 
800 p s i  H?,  i n  a 300 m l  s t i r r e d  Has te l loy  C a u t o c l a v e )  

L 

aBased on 4 g o f  c o a l .  

bAssumed, based  on unaccounted f o r  material. 

'Run w i t h  3 g c o a l  and 6 g AlC13.  

S teps  1 and 2 are impor tan t  i n  t h e  presence of  an e f f e c t i v e  c a t a l y s t  and 3 becomes 
Thus, 

A t  
compet i t ive  w i t h  no e f f e c t i v e  c a t a l y s t  p r e s e n t .  
t h e  hydrogen-rich, pyr id ine-so luble  c o a l  product  accumulates  and can  be  i s o l a t e d .  
h igh  temperatures ,  t h e  r e l a t i v e  r a t e s  of  S teps  1 and 2 a r e  reversed ,  k > kl, and 
g a s i f i c a t i o n  i s  t h e  major e f f e c t .  
c a t a l y s t  e f f e c t i v e n e s s ,  S t e p s  1 and 2 a r e  suppressed and 3 becomes dominant. 

A t  lower tempera tures ,  k l  > k2. 

F i n a l l y ,  when t h e  e l i m i n a t i o n  of  HC? reduces the  
Thus 
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A1C13 
t h e  lessening  degrees  of  g a s i f i c a t i o n ,  t h e  c o a l  r e s i d u e s  appear  to  be i n c r e a s i n g l y  
cross- l inked and deple ted  i n  hydrogen, p o s s i b l y  a r e s u l t  of  chemis t ry  a t  t h e  a u t o -  
c l a v e  surface.  

is n o t  on ly  i n e f f e c t i v e ,  i t  promotes char  formation.* Moreover, w i t h  

Severa l  a c i d  c a t a l y s t s  were screened i n  two s e r i e s  of tests a t  two c a t a l y s t  
concent ra t ion  l e v e l s ,  21O0C, 5 h r ,  800 p s i  Hg, and 0.7 HX (X = B r ,  C 1 ,  o r  F). We 
found c a t a l y s t  a c t i v i t y  t o  vary cons iderably  from one series t o  t h e  n e x t  (Table 2 ) .  
C a t a l y s t  c o a l  r a t i o  f o r  t h e  f i r s t  series w a s  1:l. A l l  c a t a l y s t s  s t u d i e d  a t  t h i s  
r a t i o ,  except  AlBr3 and A l C 1 3 ,  were i n e f f e c t i v e ,  reducing THF and p y r i d i n e  s o l u b i l i -  
t ies s i g n i f i c a n t l y ,  perhaps because of i n t e r n a l  condensat ion i n  t h e  s t a r t i n g  c o a l .  
The c o a l  products  i n  t h e s e  runs are probably h ighly  c ross - l inked .  
s i d e r a b l y  more e f f e c t i v e  than  A1Br3, and HBr  a l o n e  (Run 30) w a s ,  n o t  s u r p r i s i n g l y ,  
i n e f f e c t i v e .  We found HC1 t o  behave s i m i l a r l y  (Run 4, F igure  1 ) .  Thus, t h e s e  
r e s u l t s  i n d i c a t e  a c a t a l y s t  e f f e c t i v e n e s s  of  
% TaF5 % NiSO4 

AlCl3 w a s  con- ' 

A l a 3  > MBr3 >> SbC13 % SbF3 % ZnC12 
Cos04 I HBr. 

Next w e  r a n  a more e x t e n s i v e  series w i t h  t h e  c a t a l y s t s  p r e s e n t  a t  a c o n s t a n t  
Here w e  found r a t i o  of 0.045 

(AA = ace ty lace tona te) .  I n  t h i s  second series w e  found f i r s t  t h a t  TaF5, which Sisk in  
(6)  found t o  e f f e c t i v e l y  hydrocrack benzene t o  mixed hexanes, i s  n o t  a t  a l l  e f f e c t i v e  
under our  condi t ions .  S i m i l a r l y ,  ZnC12, t h e  w e l l  known c o a l  convers ion  c a t a l y s t ,  is  
not  e f f e c t i v e  under these  condi t ions ,  perhaps because under  o u r  r e l a t i v e l y  mild con- 
d i t i o n s ,  ZnClZ i s  n o t  molten (mp, 283°C). F i n a l l y ,  t h e  f a v o r a b l e  antimony bromide 
and c h l o r i d e  r e s u l t s  are s i m i l a r  t o  t h o s e  r e p o r t e d  by S h e l l  (1) .  

c a t a l y s t / 4  g c o a l ,  e q u i v a l e n t  t o  6 g AlC13/4 g c o a l .  
SbBr3 t3 SbC13 > AlBr3 > A1C13 > Ni(AA)2 > TaF5 >> SbF5 MoC15 I WC16 

I n  Run 35 (Table  2 ) ,  with  AlC13/HCl, w e  used unbenef ic ia ted  coa l .  Here, t h e  
THF s o l u b i l i t y  of the product  c o a l  i n c r e a s e d  by almost a f a c t o r  of 2 ,  to 40%. 
pyr id ine  s o l u b i l i t y  increased  s l i g h t l y ,  t o  66%. Since p y r i d i n e  is g e n e r a l l y  a 
b e t t e r  so lvent  f o r  c o a l  l i q u i d s  than  is THF, t h e  cons iderable  i n c r e a s e  i n  THF solu-  
b i l i t y  sugges ts  t h a t  more lower molecular  weight  products  are obta ined  when unbene- 
f i c i a t e d  c o a l  i s  used. Also ,  t h e  minera l  matter p r e s e n t  i n  t h e  unbenef ic ia ted  c o a l  
c l e a r l y  a i d s  i n  t h e  ac id-ca ta lyzed  hydrocracking process ,  sugges t ing  that t h e  mineral  
matter i n  t h e  c o a l  i s  a n  e f f e c t i v e  c a t a l y s t  under a c i d  c o n d i t i o n s .  

The 

SUMMARY OF RESULTS 

We now have e s t a b l i s h e d  a set of r e l a t i v e l y  mild exper imenta l  c o n d i t i o n s  f o r  
c o a l  conversion and have i d e n t i f i e d  s e v e r a l  homogeneous a c i d  c a t a l y s t s ,  which under 
t h e s e  condi t ions  can conver t  the  c o a l  a lmost  completely t o  pyr id ine-so luble  m a t e r i a l .  
The r e a c t i o n  c o n d i t i o n s  f o r  A l C l 3  are 210°C, 45 min, 2 : l  AlCl3/coal  weight  r a t i o ,  
500 p s i  H 2 ,  800 p s i  HC1. 
r a t i o ,  the  e f f e c t i v e n e s s  of t h e  c a t a l y s t s  f o r  conversion i s  

When a cons tan t  molar r a t i o  of c a t a l y s t  i s  used, t h e  o r d e r  is: 

Also, we have observed t h a t  w i t h  1:l c a t a l y s t / c o a l  weight 

A1c13 > 

SbBr3 % SbC13 5 A 1 B r 3  > A1C13 > Ni(AA)z > TaF5 >> SbF5 % MoC15 

We have discovered t h a t  adding H C 1  t o  A l C 1 3  s i g n i f i c a n t l y  enhances conversion 
f o r  runs wi th  s h o r t  res idence  t i m e  (5 h r  o r  s h o r t e r )  a t  210°C. Under similar reac t ion  
condi t ions ,  a Tef lon- l ines  r e a c t o r  y i e l d s  c o a l  products  w i t h  g r e a t e r  H/C va lues  than 
does t h e  Has te l loy  C r e a c t o r .  Residence t i m e  a l s o  has  a s i g n i f i c a n t  e f f e c t  on gasi- 
f i c a t i o n ,  More t h a n  50% of  t h e  c o a l  is g a s i f i e d  f o r  r e s i d e n c e  t imes  of  95 min o r  
longer ;  30% i s  g a s i f i e d  a t  45 min. 
r e a c t i o n  temperature ,  M C l j / c o a l  weight r a t i o  of  2 :1 ,  and wi th  H C 1  added, about 90% 
of t h e  c o a l  is converted t o  methane and ethane.  
*The e f f e c t  of  HC1 absence i s  expla ined  by t h e  need f o r  p a s s i v a t e d  reac tor  
surfaces. 
are s i g n i f i c a n t l y  improved. 
comparable t o  those  shown here.  

>> SbClg % SbF3 % ZnC12 % TaF5 5 NiS04 5 CoS04. 

WCl6. 

F i n a l l y ,  w e  have e s t a b l i s h e d  t h a t  a t  300'C 

When t h e s e  r e a c t i o n s  are run  i n  f u l l y  Teflon-l ined r e a c t o r s ,  t h e  r e s u l t s  
Considerably lower c a t a l y s t / c o a l  r a t i o s  provide r e s u l t s  
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Table 2 

TREATMENT OF ILLINOIS  NO. 6 COAL 
W I T H  Hz/STRONG A C I D  SYSTEMS 

I I  

aIn  t h i s  s e r i e s  of experiments ,  5 g of coa l  was t r e a t e d  a t  210OC f o r  5 hr  i n  a 
Teflon-l ines  autoclave.  b Moisture-ash-free b a s i s .  C Unbeneficiated c o a l  was 

A s t i r r e d  Hastt 
C autocalve w a s  used. e NO = Not determined. 
These experiments used 0.045 moles of c a t a l y s t  p e r  4 g coa l .  
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P a r t i c l e  S ize  Ana lys i s  i n  t h e  SRC Process by 
Coul t e r  Counter 

C.W. C u r t i s ,  A.R. T a r r e r  and J.A. Guin 

Chemical Engineer ing Department 
Auburn U n i v e r s i t y  

Auburn, Alabama 36830 

I n t r o d u c t i o n  

Th is  work was undertaken t o  develop an e f f e c t i v e  r a p i d  technique f o r  d e t e r -  
m in ing  p a r t i c l e  s i z e  o f  undissolved s o l i d s  i n  t h e  Solvent  Ref ined Coal (SRC) 
Process. P a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  SRC f i l t e r  feed f rom t h e  W i l s o n v i l l e  
S4C P i l o t  P l a n t  and autoc lave r e a c t i o n  m ix tu res  f rom the  Auburn Coal Conversion 
Laboratory  were measured us ing  a Cou l te r  Counter Model TA. 

The Cou l te r  p r i n c i p l e  was o r i g i n a l l y  a p p l i e d  t o  b lood c e l l  count ing1 and i s  
now w ide ly  used i n  t h e  biomedical area f o r  c e l l  count ing and s i z e  d i s t r i b u t i o n . 2  
I n d u s t r i a l  use o f  t h e  Cou l te r  technique i s  now widespread.3 The Cou l te r  technique 
has been app l i ed  i n  coal  research i n  t h e  s i z e  a n a l y s i s  o f  p u l v e r i z e d  coal ,  coa l  
dust ,  and f ly -ash.4 P resen t l y ,  t he  Cou l te r  technique i s  be ing a p p l i e d  t o  the  
s tudy o f  p a r t i c l e  s i z e  d i s t r i b u t i o n s  i n  t h e  SRC process. 
o f  t h e  mean p a r t i c l e  s i z e  i n  t h e  e f f l u e n t  f rom t h e  SRC d i s s o l v e r  on f i l t r a t i o n  
a long w i t h  t h e  problem o f  d i s s o l v e r  s o l i d s  accumulation5 has shown t h e  need f o r  
a rep roduc ib le  method o f  determin ing p a r t i c l e  s i z e  i n  SRC process streams. 

Ex per  imenta l  

Equipment 
P a r t i c l e  s i z e  de te rm ina t ions  were performed on a Cou l te r  Counter Model TA 

(Cou l te r  E lec t ron i cs ,  Hialeah, F l o r i d a )  equipped w i t h  a Model TA Ex te rna l  S i ze  
C a l i b r a t o r  I1 and an a d j x e n t  sample stand. 
analyses were 100, 140, 200 and 280 urn. 

Microscope opera t i ng  a t  20KV with a tungsten source and an aluminum coated de tec to r .  
The samples were coated w i t h  60:40 go ld -pa l l ad ium us ing a Denton DV 502 vacuum 
evaporator. O p t i c a l  microscopy was performed us ing  a Wi ld  Model M21 microscope 
equipped w i t h  a P o l a r o i d  MP-3 Land Camera. 

C hemi ca 1 s 

obta ined from M a l l i n c k r o d t  prepared i n  a 5% s o l u t i o n  was t h e  e l e c t r o l y t e  used f o r  
Cou l te r  ana lys i s .  
f i l t e r i n g  t h e  e l e c t r o l y t e  s o l u t i o n .  Carbowax 400 obta ined f rom Union Carbide was 
t h e  d i spe rsan t  used f o r  o p t i c a l  microscopy. 

Procedure 
C a l i b r a t i o n  o f  each o r i f i c e  was performed us ing  po lys ty rene  c a l i b r a t i o n  

standards o f  known d iameter  ( s u p p l i e d  by Cou l te r  E l e c t r o n i c s )  d ispersed i n  i so ton .  
Autoclave r e a c t i o n  samples and W i l s o n v i l l e  f i l t e r  f eed  were sonicated us ing 

a lo,; energy u l t r a s o n i c  bath, d ispersed i n  t h e  5% NH4SCN - DMF e l e c t r o l y t e  and 
again sonicated. 
analyzed. 
d i s t r i b u t i o n  was obta ined.  
t o  ma in ta in  t h e  necessary background o f  t h e  e l e c t r o l y t e .  

f u r t h e r  d i l u t i n g  t h e  Cou l te r  samples. 
and a i r  d r i ed .  
sonicated and then d ispersed i n  Carbowax 400. Hanging drop as w e l l  as s l i d e  
preparat ions were used. 

I n t e r e s t  i n  t h e  e f f e c t  

The o r i f i c e s  no rma l l y  used f o r  t h e  

E lec t ron  microscopy was performed us ing  an AMR Model 1000 scanning E lec t ron  

Reagent grade ammonium th iocyana te  (NH4SCN) and dimethylformamide (DMF) 

M e t r i c e l  a lpha -8 f i l t e r s  w i t h  0.2011111 pore s i z e  were used f o r  

The samples were d i l u t e d  w i t h  e l e c t r o l y t e  and immediate ly  
For each sample 100,000 p a r t i c l e s  were counted and t h e  p a r t i c l e  s i z e  

Extens ive f i l t e r i n g  w i t h  0.2pm f i l t e r s  was necessary 

For scanning e l e c t r o n  microscopy samples were prepared by s o n i c a t i n g  and 
The p a r t i c l e s  were f i l t e r e d  on a 0.2pm f i l t e r  

For o p t i c a l  microscopy, autoc lave r e a c t i o n  m ix tu res  were f i r s t  
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Verification 

Figure 1 .  
. Coulter Electronics) were measured by optical microscopy under 500x magnification 

to  have a diameter of 10.0pm. 
s ize  by Coulter Counter agreed fu l ly  with the microscopy. 

Verification of the Coulter technique by optical microscopy can be seen in 
Rigid polystyrene calibration spheres (9.99pm in diameter supplied by 

Subsequent analysis of the polystyrene's par t ic le  

Results and Discussion 

The Coulter technique measures the pa r t i c l e  volume s ize  dis t r ibut ion.  
smallest particles measured had a diameter of 1.59~11 w i t h  an overall diameter 
range of 1.59 to  128vm. All measurements were taken within the optimum range of 
the or i f ice .  Par t ic le  s i ze  dis t r ibut ions were obtained fo r  autoclave reaction 
mixtures and Wilsonville f i l t e r  feed of Amax, Western Kentucky, Pittsburgh Seam, 
and Monterey coals. The pa r t i c l e  s i ze  dis t r ibut ion measurements for  each coal 
sample can be accurately reproduced within * 10%. A mean par t ic le  s ize  i s  ob- 
tained graphically by plott ing the normalized cumulative par t ic le  volume percent 
versus particle diameter and then obtaining the mean par t ic le  s ize  a t  the 50% 
volume 1evi.l. 

The in i t i a l  mean par t ic le  s ize  for unreacted coal was between 28.8 - 40.0~m. 
Table I shows the mean par t ic le  s ize  in terms o f  part ic le  diameter for  four auto- 
claved coals reacted a t  4100C f o r  three different  time intervals .  Under autoclave 
conditions, the mean pa r t i c l e  s ize  varies significantly among the different  coals. 
Within the time range studied the mean par t ic le  s ize  for  Monterey and Pittsburgh 
Seam coals remained essent ia l ly  constant; however, the mean par t ic le  s ize  of 
Western Kentucky coal increased with time while t h a t  of Amax coal decreased. The 
mean of Amax coal leveled off  a t  9.6pm a f t e r  4 hours. The temporal behavior of 
the par t ic le  s ize  of eich coal can be direct ly  correlated t o  i t s  dissolution rate  
and behavior. Both Monterey and Pittsburgh Seam coals dissolve very rapidly, 
leaving essentially only mineral matter a f t e r  15 minutes of reaction. Amax coal,  
however, i s  a slow dissolver which accounts for the decrease in par t ic le  s ize  
over the time period studied. 
is sticky and adhesive; increasing reaction time allows the par t ic les  time to  
adhere t o  one another forming larger particles.6 

The Wilsonville f i l t e r  feed par t ic le  size dis t r ibut ions f o r  each coal 
closely resembled the autoclave reaction dis t r ibut ion (an example i s  shown in 
Table 11) except for  Western Kentucky coal which showed a significant s h i f t  t o  
smaller particles.  Generally, the Wilsonville f i l t e r  feed dis t r ibut ions showed 
greater variation within each sample than d i d  the autoclave reactions result ing 
in a larger standard deviation for  each volume range. A comparison o f  the mean 
par t ic le  size o f  Wilsonville f i l t e r  feed t o  Auburn autoclave reaction mixtures 
i s  shown in Figure 111. 
closely with the exception of Western Kentucky coal.  This difference can again 
be attr ibuted to  the adhesive nature of the Western Kentucky par t ic les .  In the 
f i l t e r  feed the par t ic les  will tend 
par t ic les  which stay in the dissolver while the smaller par t ic les  are e lutr ia ted 
out of the dissolver. 

Optical and electron microscopy verified the presence, s i ze ,  and character 
of the particles being counted by the Coulter Counter. 
allowed observation of the par t ic les  in a solution matrix. Scanning electron 
miCrOSCOPY permitted isolation of the particles from the oil  matrix and allowed 
the par t ic les  t o  be individually observed. The unregular nature and individual 
character of the par t ic les  are  shown i n  the micrographs in  Figure 2-7. 

The 

Western Kentucky coal dissolves very rapidly b u t  

For each coal the mean par t ic le  sizes compare very 

t o  adhere t o  one another forming larger 

Optical microscopy 

Process Applications 

F i l t e r ab i l i t y  of a sol id/ l iquid slurry depends on the s ize  distribution of 
the particulates entrained in the slurry as well as other factors such as vis- 
cosi ty ,  adhesive forces among the par t ic les  ( i . e . ,  whether the par t ic les  are 
st icky o r  discrete and unattractive) etc.  A major objective of t h i s  work i s  t o  
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determine whether mean par t ic le  s ize  determined by Coulter Counter analysis can 
be correlated t o  f i l t e r a b i l i t y  o r ,  more spec i f ica l ly ,  cake r e s i s t i v i ty .  To t h i s  
end: 
the coals studied a re  compared with the i r  associated cake r e s i s t i v i t i e s .  

have been extensively studied under t e s t  conditions and without the incorporation 
of bodyfeed a t  the Wilsonville SRC P i l o t  Plant. 
have only been tested with bodyfeed. 
culated for the s lu r r i e s  r u n  without bodyfeed. 
between the ease of f i l t r a t i o n  ( i . e . .  cake r e s i s t i v i ty )  and mean pa r t i c l e  s ize .  
Amax coal/oil s lu r r i e s  which have the lowest cake r e s i s t i v i ty  and are ,  therefore, 
the most easily f i l t e r ed  of the three types of s lu r r i e s  considered have the 
la rges t  mean par t ic le  size.  Monterey coal/oil s lu r r i e s  have the highest cake 
r e s i s t i v i ty ,  a r e  the most d i f f i c u l t  t o  f i l t e r ,  and have the smallest mean par t ic le  
s ize .  
in f i l t e r a b i l i t y  as well a s  mean par t ic le  s ize .  
of the porosity of the cake which i s  d i rec t ly  related t o  par t ic le  volume. Particle 
volume i s  measured d i rec t ly  by the Coulter technique. I n  conclusion, the Coulter 
Counter can give a good indication of the f i l t e r a b i l i t y  of a particular SRC process 
stream and, thus, should prove to  be a useful tool in optimizing operational con- 
d i t ions  for solids separation. 

First, since par- 
t i c l e s  less than 1.6um a re  d i f f i c u l t  t o  de tec t ,  the total  par t ic le  s i ze  range of 
the SRC effluents cannot be studied. The e f fec t  of the very small par t ic les  on 
f i l t e r a b i l i t y  i s  not precisely known; however, i t  i s  very l ike ly  tha t  par t ic les  
below 2um play a s ign i f icant  ro le  in screen blinding. The second limitation i s  
t ha t  carbonaceous agglomeration of SRC i t s e l f  i s  d i f f i c u l t  t o  de tec t  because 
approximately 96% of SRC dissolves i n  the e lec t ro ly te .  
of so l id  agglomerates would be highly desirable; for  the accumulation of solids 
in the SRC dissolver has presented s igni f icant  problems in processing certain 
types of coals, particularly those containing h i g h  concentrations of calcium. 
One reason for  this accumulation, however, i s  commonly thought t o  be the formation 
and growth of calcium carbonate (CaC03) c rys ta l s .  
t o  CaC03 crystal formation should be eas i ly  detectable by the Coulter technique 
presented herein since CaC03 i s  essentially insoluble in DMF. 

On-line Coulter analysis of the SRC process stream would allow immediate 
detection of changes in the s ize  distribution of the solvent stream par t ic les .  
Through on-1 ine analysis more precise correlations between mean pa r t i c l e  s ize  
and f i l t e r a b i l i t y  would be possible. 
of particulates in the upstream and downstream t o  the f i l t e r ,  a d i r ec t  reading 

Coulter analysis i s  a l so  an e f fec t ive  
method for determining the efficiency of other solid-liquid separation techniques, 
such a s  centrifuging and hydrocloning, currently being tested in the  SRC process. 

the  mean par t ic le  s ize  of particulates in the SRC dissolver e f f luent  fo r  . 
Fi l t ra t ion  ra tes  fo r  Amax, Western Kentucky and Monterey coal/oil  s lu r r i e s  

Pittsburgh Seam coal/oil s lu r r i e s  
Table IV shows the cake r e s i s t i v i t i e s  cal-  

Indeed, correlations a re  evident 

When screen blinding is taken into account, Western Kentucky ranks second 
Cake r e s i s t i v i ty  i s  a function 

T h e  present Coulter technique has two main l imitations.  

Detection of the formation 

Inorganic agglomeration d u e  

Also, by monitoring the s i ze  d is t r ibu t ion  

on f i l t e r ing  efficiency could be obtained. 
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TABLE I 

Mean P a r t i c l e  S i z e  o f  Autoc lave Reacted Coals 
a t  15, 30 and 60 Minutes 

Autoclave Cond i t i ons  
Temperature: 4100C 
Pressure: Hydrogen 2000 p s i  
Solvent/Coal : 3/1 
S t i r r e r :  1000 rpm 

Time Mean P a r t i c l e  S i ze  (urn)* 
(min)  Western P i  t t s  burg h 

Amax Kentucky Mon te rey  Seam 

15 14.0 7.0 5.2 
30 9.1 8.2 5.5 
60 8.0 10.6* 4.8 

6.0 
5.5 
6.0 

* 
Through subsequent c a l c u l a t i o n s ,  t h e  popu la t i on  mean can be ca l cu la ted .  
example, Western Kentucky coa l ,  reacted f o r  60 minutes, has a popu la t i on  
o f  2. Oum .: 

For 
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TABLE I 1  

P a r t i c l e  S ize  D i s t r i b u t i o n s  o f  Amax Coal Autoclave 
React ion M i x t u r e  and W i l s o n v i l l e  F i l t e r  Feed 

P a r t i c l e  Diameter 
(!4 
1.59 
2.00 
2.52 
3.17 
4.00 
5.04 
6.35 
8.00 

10.08 
12.7 
16.0 
20.2 
25.4 
32.0 
40.3 

% Volume D i s t r i b u t i o n s  

60 minu te  f i l t e r  feed 
Amax Autoclave Amax W i  1 sonvi  11 e 

10.9 f 0.6 
8.7 f 1.2 
6.6 f 0.64 
5.5 f 0.35 
5.6 f 0.36 
6.4 f 0.42 
6.9 f 0.49 
8.2 ? 0.57 
9.0 f 0.68 
9.7 ? 1.6 
9.2 f 1.5 
7.0 f 1.8 
4.6 f 2.6 
1.3 f 1.0 
0.6 ? 0.05 

10.4 5 7.8 
6.3 f 1.4 
5.7 f 0.6 
6.7 f 0.7 
7.6 f 0.8 
9.3 f 0.7 
8.6 f 1.0 
8.8 f 1.1 
9.2 f 1.3 
9.2 f 1.7 
5.7 f 0.8 
4.6 f 2.0 
4.6 f 2.8 
2.3 f 2.7 
0.6 f 0.1 

TABLE 111 

Comparison o f  t he  Mean P a r t i c l e  S i ze  
o f  W i l s o n v i l l e  F i l t e r  Feed and 

Auburn Autoclave React ion M ix tu res  

Coal Type 

Date - 
Monterey 10-20-76 
Mon t e r e y  11 -15-76 
Monterey 11-10-76 
Mon t erey Average 

Amax 
Amax 
Amax 
Amax 

- - - -  
12-19-76 

1-28-77 
Average 

Western Kentucky 4-17-76 
Western Kentucky 5-29-76 
Western Kentucky Average 

P i t t sbu rgh  Seam 7-22-75 

W i l s o n v i l l e  F i l t e r  Feed Auburn Autoclave 
Mean P a r t i c l e  S ize  Mean P a r t i c l e  S ize  

w 
4.5 
3.7 
3.8 
4.0 

7.2 
6.4 
7.5 
7.0 

4.8 

8.0 

6.8 
4.6 
5.7 10.6 

6.2 6.0 
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TABLE I V  

Correlation between Cake Resistivity and Mean 
Pa r t i c l e  Size of Wilsonville F i l t e r  Feed 

~~ 

Coal Cake Res is t iv i ty  AP Mean Par t ic le  Size 

Amax 0.8 x lo1' 45 7.0 (Ref 7 )  

Western Kentucky 1.13 x lo1' 60 5.7 (Ref 8 )  

Monterey 1.22 x 1012 60 4.0 (Ref 8 )  

ft/lbm (ps i )  (vm) 

Figure 1 

Verification of 
polystyrene par t ic le  
s i ze  

1 cm = 20um 

- I lr  
- 

!i Figure 2 

Photomicrograph of P 
Amax coal par t ic les  
(suspended i n  Carbowax) 

reaction (500x) 
a f t e r  60 minute autoclave P 

t 
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Figure 3 

Photomicrograph of 
P i t t s b u r g h  Seam coal particles 
(suspended i n  carbowax) a f t e r  
60 minute autoclave reaction 
(500x) 

1 cm = 20um 

Figure 4 

Photomicrograph of 
Western Kentucky coal particles 
(suspended in carbowax) 
a f t e r  60 minu te  autoclave 
reaction (500x) 

. .  

1 cm = 20pm m 
Figure 5 

Electronicrograph of 
Western Kentucky coal particles 
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction ( Z O O O X )  

1 cm = 5um 
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Figure 6 

Electronmicrograph of 
Monterey coal par t ic les  
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction ( 2 0 0 0 ~ )  

1 cm = 5 p  

Figure i 

Electromicrograph of 
blonterey coal par t ic le  
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction (10,000~) 

1 cm = 1pm 
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ENGINEERING DEVELOPMENT OF THE CITIES SERVICE, 
SHORT RESIDENCE TIME (CS-SRT) PROCESS 

MARVIN I .  GREENE 

CITIES S E R V I C E  RESEARCH AIJD DEVELOPMENT COMPANY 
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CRANBURY, NEW JERSEY 08512 

H i s  t o r y  and Development o f  t h e  CS-SRT P r o c e s s  

C i t i c s  S e r v i c e  Research and Development Company (CSRD) , t h e  r e s e a r c h  
a r m  o f  t h e  C i t i e s  S e r v i c e  Company, has  been developing  a p r o c e s s  scheme 
named The CS-SRT P r o c e s s ,  f o r  t h e  n o n - c a t a l y t i c ,  vapor-phase,  hydro- 
g e n a t i o n  of  carbonaceous f e e d s t o c k s .  The i n i t i a l  and pr imary  emphasis 
i n  our  Energy Research Labora tory  was t o  apply  t h i s  technology t o  conver t  
c o a l  i n t o  p i p e l i n e  q u a l i t y  gas  and a t t r a c t i v e  byproduct  y i e l d s  of l i g h t  
aromatic (BTX) l i q u i d s .  

t h e  most p r o d u c t i v e  area o f  p r o c e s s  development would b e  t h a t  of s h o r t  
r e s i d e n c e  t i m e  hydrogenat ion .  A b r i e f  l i t e r a t u r e  review h a s  been p r e -  
s e n t e d  i n  our  p r e v i o u s  paper  a t  t h e  1976 ACS (San F r a n c i s c o )  meet ing (1). 

I n  t h e  summer o f  1974,  w e  d e s i g n e d  a 1-4 l b / h r  bench-sca le  u n i t  
c a p a b l e  of  o p e r a t i o n  a t  t empera tures  and p r e s s u r e s  t h a t  are s c a l a b l e  
w i t h i n  present -day ,  commercial t echnology.  A cold-f low model t o  t e s t  
coal-hydrogen mixing i n j e c t o r s  and t o  s t u d y  coal-hydrogen s l i p  v e l o c i t i e s  
was des igned  and c o n s t r u c t e d  i n  Autumn, 1974. C o n s t r u c t i o n  o f  t h e  bench- 
s c a l e  u n i t  began i n  December, 1974 and was completed i n  J u n e ,  1975 wi th  
t h e  shakedown o p e r a t i o n s  o c c u r r i n g  i n  t h e  Summer of 1975.  The f i r s t  
complete  m a t e r i a l  b a l a n c e  run w a s  made i n  August, 1975. S ince  t h a t  t i m e ,  
o v e r  125 runs have been  made w i t h  a v a r i e t y  of  f e e d s t o c k s  i n c l u d i n g  
l i g n i t e ,  bi tuminous and subbitmuninous c o a l s ,  o i l  s h a l e ,  t a r  sands  and 
c o a l  t a r s .  

a c o n c e p t u a l i z e d ,  commercial a p p l i c a t i o n  of  t h e  CS-SRT P r o c e s s  f o r  
producing  250 MM SCFD o f  p i p e l i n e  g a s  (and t h e  a s s o c i a t e d  byproduct  BTX- 
l i q u i d s )  from a mine-mouth p l a n t  i n  t h e  Montana/North Dakota r e g i o n .  
The r e s u l t s  o f  t h i s  work p o i n t e d  o u t  t h e  d r a m a t i c  e f f e c t  of  benzene 
byproduct  y i e l d  on lower ing  t h e  c o s t  of  s e r v i c e s  f o r  producing  p i p e l i n e  
g a s .  I n  September, 1976, CSRD r e t a i n e d  t h e  F o s t e r  Wheeler Energy Corp- 
wat ion t o  perform a prelininarv ensineerina design and cost study o f  the 
CS-SRT Process  t o  v a l i d a t e  t h e  r e s u l t s  o f  t h e  ea r l i e r  economic s t u d y .  
The r e s u l t s  of  t h i s  s t u d y  w i l l  b e  r e p o r t e d  i n  a s e p a r a t e  p a p e r .  

F u r t h e r  development o f  t h e  CS-SRT P r o c e s s  i s  b e i n g  undertaken i n  
s e v e r a l  programs s u p p o r t e d  j o i n t l y  by C i t i e s  S e r v i c e ,  Rocketdyne Div is ion  
o f  Rockwell I n t e r n a t i o n a l ,  and ERDA. Exper imenta l  tests a r e  c o n t i n u i n g  
i n  t h e  bench-sca le  u n i t  t o  e x p l o r e  c o n d i t i o n s  f o r  maximizing l i q u i d s  
y i e l d s  and a l s o  f o r  maximizing g a s  (methane, e t h a n e )  y i e l d s .  Process  
f l o w s h e e t  s t u d i e s  a r e  a l so  be ing  made. The n e x t  s t e p  of development 
o f  t h e  CS-SRT P r o c e s s  would r e q u i r e  about  a 6- inch d i a m e t e r ,  p i l o t  p l a n t  
r e a c t o r  capable  o f  p r o c e s s i n g  a b o u t  1 0 0  TPD c o a l .  T h i s  p i l o t - p l a n t  
would b e  one s c a l e u p  s t e p  away from a 12-inch d i a m e t e r ,  s i n g l e  tube, 
commercial-type o p e r a t i o n .  

when p r o c e s s i n g  a North Dakota l i g n i t e .  Some c o n c e p t u a l  commercial 
p r o c e s s i n g  a l t e r n a t i v e s  which a p p e a r  q u i t e  a t t r a c t i v e  are a l so  d iscussed .  

A review of  t h e  l i t e r a t u r e  e a r l y  i n  1974 l e d  t o  o u r  c o n c l u s i o n  t h a t  

I n  September, 1974 w o r k  was i n i t i a t e d  t o  e s t i m a t e  t h e  economics i n  

This  paper  summarizes t h e  a n a l y s i s  o f  t h e  bench-sca le  d a t a  o b t a i n e d  
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Experimental  Apparatus  

The bench-scale  u n i t ,  as d e s c r i b e d  i n  our  p r e v i o u s  paper ,  u t i l i z e d  
i n i t i a l l y  a d i l u t e - p h a s e ,  f r e e - f a l l  reactor w i t h  a movable quench 
probe.  Coal w a s  d e l i v e r e d  t o  t h e  hydrogen-coal mixing i n j e c t o r s  under  
g r a v i t y  f low from a s t a r - w h e e l ,  v o l u m e t r i c  f e e d e r  f e d  by a l o c k  hopper .  
The feeder-hopper  assembly s a t  d i r e c t l y  on  t o p  o f  t h e  reactor.  

t o  improve t h e  running  e f f i c i e n c y  of  t h e  tes t  program. T h i s  system 
a l s o  al lowed f o r  t h e  remote l o c a t i o n  and s a f e  access o f  t h e  c o a l  f e e d -  
i n g  equipment i n  an a d j a c e n t  l a b o r a t o r y  p r e s s u r e  ce l l .  The t r a n s p o r t e d  
coal was s e p a r a t e d  i n  a c y c l o n e  immediately upstream o f  t h e  coa l -hot  
hydrogen i n j e c t o r s  and c a r r i e d  i n t o  t h e  r e a c t o r .  The " c o l d "  hydrogen 
w a s  r e c y c l e d  back t o  a diaphragm compressor .  The compressor  diaphragms 
w e r e  p r o t e c t e d  a g a i n s t  e n t r a i n e d  s o l i d s  by use  of a s e t t l i n g  chamber 
and f i l t e r s  located on t h e  s u c t i o n - s i d e  o f  t h e  compressor .  

scale u n i t  s i n c e  t h e  i n i t i a l  t e s t i n g .  A d e s c r i p t i o n  of  t h e s e  r e a c t o r s  
is shown i n  F i g u r e  1. I n  t h e s e  "en t ra ined- f low" r e a c t o r s ,  a w i d e r  range  
o f  v a l u e s  of  s e v e r a l  i m p o r t a n t  parameters  i s  achieved  o v e r  t h a t  o f  t h e  
f r e e - f a l l  r e a c t o r :  

S i n c e  t h e  i n i t i a l  t e s t i n g ,  a c o a l  t r a n s p o r t  sys tem w a s  developed 

S e v e r a l  o t h e r  r e a c t o r  d e s i g n s  were a l so  i n c o r p o r a t e d  i n t o  t h e  bench- 

F r e e  F a l l  Entrained-Flow 

C o a l  F lux ,  l b / h r  f t 2  100-300 1500-35,000 
G a s  V e l o c i t y ,  f p s  0 -1-0.5 2-50 
Par t ic le  V e l o c i t y ,  f p s  0.5-8 2-50 
Gas Reynolds N o .  100-500 1000-6000 
P a r t i c l e  Residence T i m e ,  sec. 0.10-4 0.05-10 
Vapor Residence T i m e ,  sec. 2-30 0 -05-5 

The v e r t i c a l  e n t r a i n e d - f l o w  r e a c t o r  i s  used g e n e r a l l y  f o r  v e r y  
s h o r t  r e s i d e n c e  t i m e  s t u d i e s  (less t h a n  200 m i l l i s e c o n d s )  whereas  t h e  
h e l i c a l  en t ra ined- f low r e a c t o r s  a r e  used f o r  l o n g e r  r e s i d e n c e  t i m e s  
( c .a . ,  1-5 s ec . ) .  All of t h e  r e a c t o r s  used  i n  t h e  bench-sca le  u n i t  
are f a b r i c a t e d  from s t a i n l e s s  steel  316 a l l o y .  A " h o t  w a l l "  p r e s s u r e  
r e a c t o r  was used as t h e  b a s i s  of  d e s i g n  t o  e x p e d i t e  t h e  t e s t i n g  program. 
The l i f e  o f  t h e  h o t  w a l l  r e a c t o r ,  even a t  t h e  smal l  d i a m e t r a l  r a t i o s  used, 
i s  l i m i t e d  because o f  o p e r a t i o n  a t  h igh  stress levels .  T h e r e f o r e ,  c a r e -  
f u l  watch i s  m a i n t a i n e d  on t h e  i n s t a n t a n e o u s  c r e e p  s t r e n g t h  of each r e a c t o r  
and p r e h e a t e r  v e s s e l .  R e a c t o r s  are removed from s e r v i c e  b e f o r e  the cumu- 
l a t i v e  approach e q u a l s  25% o f  t h e  r u p t u r e  t i m e .  All reactors a r e  opera ted  
i n  t h e  c o n f i n e s  of  a h i g h - p r e s s u r e ,  e x p l o s i o n - p r o o f ,  l a b o r a t o r y  ce l l  wi th  
l o c k o u t  c o n t r o l s  d u r i n g  t e s t i n g .  

Temperature  and Residence Time Measurements 

Temperature o f  t h e  coal-hydrogen stream is a n  ex t remely  i m p o r t a n t  
v a r i a b l e  a f f e c t i n g  t h e  r a t e s  o f  h y d r o p y r o l y s i s  under  s h o r t  r e s i d e n c e  t i m e  
c o n d i t i o n s .  M o s t  e x p e r i m e n t e r s  involved  i n  c o n t i n u o u s ,  two-phase, c o a l -  
g a s  r e a c t i o n s  r e p o r t  r e a c t a n t  o r  r e a c t o r  t e m p e r a t u r e  as maximum r e a c t o r  
W a l l  t empera ture .  T h i s  l a t t e r  tempera ture  can v a r y  q u i t e  markedly from 
t h e  r e a c t a n t  t e m p e r a t u r e  depending  upon t h e  s i z e  and m a s s  o f  t h e  r e a c t o r ,  
c o a l  th roughput ,  e x o t h e r m i c i t y  of  r e a c t i o n ,  h e a t  l o s s e s ,  e t c .  Accordingly,  
w e  have developed s e v e r a l  m u l t i - d i m e n s i o n a l ,  computer ized ,  h e a t  t r a n s f e r  
models f o r  e s t i m a t i n g  r e a c t a n t  t e m p e r a t u r e s  from r e a c t o r  w a l l  thermocouple 
r e a d i n g s .  We have also used  e q u i v a l e n t ' i s o t h e r m a l  t e m p e r a t u r e  ( E I T )  
c a l c u l a t i o n s  t o  c h a r a c t e r i z e  t h e  non-isothermal  r e a c t i o n  c o n d i t i o n s .  E I T  
h a s  been found t o  be  a good c h a r a c t e r i z a t i o n  f a c t o r  i n  c o r r e l a t i n g  t r e n d s  
of h y d r o p y r o l y s i s  y i e l d s  w i t h  tempera ture .  
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P a r t i c l e  r e s i d e n c e  t i m e  i s  a n o t h e r  ex t remely  i m p o r t a n t  parameter  
a f f e c t i n g  h y d r o p y r o l y s i s  y i e l d s ,  p a r t i c u l a r y  under  s h o r t  r e s i d e n c e  t ime 
c o n d i t i o n s .  I n  t h e  case of  t h e  f r e e - f a l l  reactor, p a r t i c l e s  t r a v e r s e  
t h e  reactor under  t h e  i n f l u e n c e  of both  g r a v i t y  and e n t r a i n m e n t  by 
hydrogen. Char s e t t l i n g  veloci t ies  were c a l c u l a t e d  u s i n g  t h e  S tokes  
e q u a t i o n  f o r  nar row-s ize  ranges  of p a r t i c l e s .  C o r r e c t i o n s  w e r e  a p p l i e d  
f o r  t h e  wider-range s i z e  d i s t r i b u t i o n s  used  i n  t h e  bench-sca le  o p e r a t i o n  
by c a l c u l a t i n g  a surface-volume average p a r t i c l e  d i a m e t e r .  Based o n  
s t u d i e s  by Wen and Huebler  (2), c o r r e c t i o n s  f o r  gas  e n t r a i n m e n t ,  uneven 
p a r t i c l e  d i s t r i b u t i o n s  and p a r t i c l e  c loud  d e n s i t y  w e r e  a lso made. 

For  t h e  c a s e  o f  e n t r a i n e d - f l o w  reactors, p a r t i c l e  r e s i d e n c e  t i m e s  
are d i r e c t l y  c o r r e l a t e d  w i t h  t h e  s u p e r f i c i a l  hydrogen v e l o c i t i e s .  For  
b o t h  cases, a comprehensive exper imenta l  (cold-f low) program i s  underway 
i n  o r d e r  t o  measure a c c u r a t e l y  p a r t i c l e  r e s i d e n c e  t i m e s  i n  bo th  f r e e -  
f a l l  and en t ra ined- f low reactors. 

Coal P r e p a r a t i o n  

W e t  North Dakota l i g n i t e  was r e c e i v e d  i n  drums from t h e  Grand Forks 
Energy Research Center .  P r i o r  t o  d r y i n g ,  t h e  l i g n i t e  w a s  reduced t o  
l /2- inch  x 0 p a r t i c l e  s i z e  u s i n g  a r o t a r y  j a w  m i l l  b l a n k e t e d  w i t h  n i t r o g e n .  
Drying w a s  done e i t h e r  i n  a l a b o r a t o r y ,  f ixed-bed d r i e r  a t  1 5 "  Hg vacuum 
or i n  a n  i n d u s t r i a l ,  f l u i d - b e d  d r y e r ,  b o t h  under  n i t r o g e n  b l a n k e t i n g .  
I n  both  cases, t h e  maximum l i g n i t e  tempera ture  was l i m i t e d  t o  230-250°F. 
Mois ture  w a s  reduced  from 35% t o  less t h a n  5%. The l i g n i t e  w a s  t h e n  
p u l v e r i z e d  u s i n g  e i t h e r  a Sweco b a l l  m i l l  o r  a Mikropul  hammer m i l l .  I n  
b o t h  cases, a n i t r o g e n  atmosphere w a s  m a i n t a i n e d .  An 18- inch ,  cont inuous  
Sweco siever, f e d  by a Synt ron  v i b r a t i n g  f e e d e r ,  w a s  used  t o  s i e v e  t h e  
d r i e d ,  p u l v e r i z e d  l i g n i t e  t o  s p e c i f i c a t i o n .  

Immediately p r i o r  t o  a r u n ,  t h e  l i g n i t e  c h a r g e  t o  t h e  u n i t  was d r i e d  
a g a i n ,  under vacuum, i n  t h e  l a b o r a t o r y  t r a y  d r i e r .  An a l i q u o t  sample 
from a r i f f l e r  was . taken  f o r  every  b a t c h  o f  c o a l  f e d  t o  t h e  bench-sca le  
u n i t .  The a n a l y s i s  o f  t h i s  sample was used  as t h e  b a s i s  f o r  t h e  m a t e r i a l  
b a l a n c e  c a l c u l a t i o n s  f o r  each run.  A t y p i c a l  a n a l y s i s  w a s  shown i n  our  
p r e v i o u s  paper  (1). 

M a t e r i a l  Balance C a l c u l a t i o n s  

A s  a r e s u l t  o f  u s i n g  hydrogen as b o t h  t h e  p r e h e a t i n g  gas  and t h e  
quenching gas ,  t h e  c o a l - d e r i v e d ,  r e a c t i o n  p r o d u c t s  are v e r y  d i l u t e  i n  
hydrogen. Liquor  and a r o m a t i c  o i l s  ( b o i l i n g  above BTX) are condensed 
u s i n g  c o n v e n t i o n a l  i n d i r e c t  h e a t  exchange. The l i g h t e r  p r o d u c t s ,  methane 
through BTX, are measured u s i n g  gas  chromatography combined w i t h  ca l i -  
b r a t e d  f low meters. Rotameters ,  o r i f i c e  m e t e r s  and t u r b i n e  meters are 
used t o  measure g a s  f low.  Redundancy i n  f low meter ing  w a s  i n c o r p o r a t e d  
i n t o  t h e  d e s i g n  of  t h e  bench-scale  u n i t  i n  o r d e r  t o  minimize u n c e r t a i n t y  
i n  c a l c u l a t i o n  o f  t h e  gaseous product  y i e l d s .  

A l l  s o l i d  and l i q u i d  p r o d u c t s  are weighed a f t e r  e v e r y  run.  The re- 
actors were examined a f t e r  each run  and found t o  be  f r e e  o f  d e p o s i t s .  
The recovery  sys tem i s  purged w i t h  high p r e s s u r e  steam a f t e r  e v e r y  r u n  i n  
o r d e r  t o  remove any hydrocarbons o r  c h a r  t h a t  does  n o t  r e a d i l y  d isengage  
from t h e  t u b i n g  s u r f a c e s ,  v a l v e s ,  receivers, etc. These hydrocarbons and 
c h a r  are recovered  from t h e  steam condensa te  by e x t r a c t i o n  w i t h  e t h e r  and 
are inc luded  i n  t h e  mater ia l  ba lance .  

BTX m a t e r i a l  f rom t h e  ambient  (7OoF) hydrogen stream a f t e r  G .  C. a n a l y s i s .  
The weighed amount o f  BTX l i q u i d s  r e c o v e r e d  from t h i s  condenser  checked 

A packed c r y o g e n i c  condenser  w a s  developed t o  condense t h e  r e s i d u a l  
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w i t h  t h e  chromatographica l ly-de termined ,  BTX c o n t e n t  of t h e  g a s  stream 
e n t e r i n g  t h e  c r y o g e n i c  condenser .  Carbon b a l a n c e s  of  90-105% are  ob- 
t a i n a b l e .  Hydrogen consumption is c a l c u l a t e d  b o t h  1) by d i f f e r e n c e  of 
measured feed and p r o d u c t  s t r e a m s  and 2 )  by  e lementa l  hydrogen ba lance  
between f e e d  and product  streams. Ash b a l a n c e s  are 90-100%.  The c a l c u -  
l a t e d  oxygen b a l a n c e s  are 100+10%. Ni t rogen  and s u l f u r  b a l a n c e s  a r e  
c a l c u l a t e d  by d i f f e r e n c e  b e c a u s e  o f  t h e  v e r y  low q u a n t i t i e s  o f  t h e s e  
elements i n  l i g n i t e  and l i g n i t e - d e r i v e d ,  h y d r o p y r o l y s i s  p r o d u c t s .  G a s  
y i e l d s  a re  c a l c u l a t e d  based  on  c o a l  f e d  t o  t h e  r a c t o r  and c o r r e c t e d  t o  
100% carbon b a l a n c e .  

CS-SRT Process  T e c h n o l o w  

Mechanism 
The mechanisms i n v o l v e d  i n  s h o r t  r e s i d e n c e  t i m e  h y d r o p y r o l y s i s  of 

c o a l  are exceedingly  complex. Coal c o n s i s t s  of  many t y p e s  o f  s t r u c t u r e s  
each  w i t h  d i f f e r e n t  bond s t r e n g t h s .  The i n i t i a l  coal convers ion  r e a c t i o n s  
are c o n t r o l l e d  b y  a thermal mechanism. Bond breaking  w i l l  c l o s e l y  fo l low 
t h e  r a p i d  h e a t i n g  p r o f i l e  imposed on  t h e  coal.  Weak bonds w i l l  r u p t u r e  
a t  t h e  lower t e m p e r a t u r e s  and  decomposi t ion p r o d u c t s  t h a t  a r e  v o l a t i l e  
w i l l  e scape  t h e  p a r t i c l e  u n d e r  t h e  d r i v i n g  f o r c e  o f  a c o n c e n t r a t i o n  o r  
p a r t i a l  p r e s s u r e  g r a d i e n t .  As t empera ture  i s  i n c r e a s e d ,  s t r o n g e r  bonds 
w i l l  b reak  and t h e  v o l a t i l e s  w i l l  f o l l o w  t h e  s a m e  escape  mechanism. These 
r e a c t i o n s  are ex t remely  r a p i d ,  o f  the  o r d e r  of  m i l l i s e c o n d s .  Many of  
t h e s e  d e v o l a t i l i  zed s p e c i e s  are h i g h l y  r e a c t i v e  and w i l l  undergo secondary 
decomposi t ion r e a c t i o n s  t o  form condensed and polymerized molecules  gen- 
e r a l l y  c l a s s i f i e d  as a s p h a l t e n e s  and c h a r .  However, these a s p h a l t e n e s  
can b e  s t a b i l i z e d  i n  t h e  b u l k  phase and removed as s i n g l e  or double-r ing 
aromatics by imposing t h e  p r o p e r  hydrogen p a r t i a l  p ressure- tempera ture-  
r e s i d e n c e  t i m e  p r o f i l e .  

d e s c r i b e s  t h e  vapor-phase,  s h o r t  r e s i d e n c e  t i m e ,  hydrogenat ion  p r o c e s s  : 
I n  terms o f  macro- reac t ions ,  t h e  f o l l o w i n g  s i m p l i f i e d  mechanism 

GAS GAS 
H2 

A GAS 
H2 + COAL- TAR OIL BENZENE 

CHAR 

Although benzene is v e r y  stable, it t o o  w i l l  decompose a t  e l e v a t e d  t e m -  
p e r a t u r e s  a s  shown by R. Graf f  and coworkers a t  CUNY ( 3 ) .  Extended 
r e s i d e n c e  t i m e s  w i l l  also r e s u l t  i n  benzene decomposi t ion as r e p o r t e d  by 
V i r k ,  e t .  a l .  ( 4 ) .  Normally,  benzene decomposi t ion i n  a hydrogen atmos- 
phere  would r e s u l t  i n  methane as t h e  main decomposi t ion product .  However, 
it a p p e a r s  t h a t  i n  the case of benzene format ion  v i a  s h o r t  r e s i d e n c e  time 
c o a l  h y d r o p y r o l y s i s ,  c h a r  p a r t i c l e s  c a t a l y z e  t h e  benzene-to-coke r o u t e  of  
decomposi t ion.  T h e r e f o r e ,  r a p i d  quenching o f  t h e  product  v a p o r s  is 
n e c e s s a r y  f o r  t h e  s t a b i l i z a t i o n  and recovery  of a r o m a t i c  l i q u i d s .  The 
q u a n t i t a t i v e  sequence of t h e  i n  s i t u  hydrogenat ion  of t a r s  t o  heavy o i l  
t o  l i g h t  a romat ics  is  shown i n  F i g u r e  2 .  

Coal Oxygen Reac t ions  
Process ing  of l i g n i t e ,  because  of i t s  high oxygen c o n t e n t ,  p rovides  

Some i n t e r e s t i n g  o b s e r v a t i o n s  a b o u t  t h e  mechanism of  s h o r t  r e s i d e n c e  t i m e  
h y d r o p y r o l y s i s .  The g a s e o u s  p r o d u c t s  o b t a i n e d  a t  v e r y  s h o r t  r e s i d e n c e  
t i m e  w e r e  r i c h  i n  carbon d i o x i d e  w h i l e  t h o s e  o b t a i n e d  a t  l o n g e r  res idence  
t i m e  w e r e  d e p l e t e d  o f  e s s e n t i a l l y  al l  carbon d i o x i d e .  This  l e a d  to t h e  
c o n c l u s i o n  t h a t  one of  t h e  i n i t i a l  r e a c t i o n s  of s h o r t  r e s i d e n c e  t i m e  

I 

I 
i 
i 
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hydrogenat ion of  l i g n i t e  is t h e  p y r o l y s i s  o f  c a r b o x y l i c  oxygen s t r u c t -  
u r e s  ( d e c a r b o x y l a t i o n ) .  T h i s  a g r e e s  w i t h  t h e  work r e p o r t e d  by James 
Johnson a t  IGT ( 5 ) .  Once i n t o  t h e  vapor  phase ,  carbon d i o x i d e  hydro- 
g e n a t e s  t o  form carbon monoxide and water by t h e  r e v e r s e  water-gas  
s h i f t  r e a c t i o n .  Carbon monoxide w i l l  react  f u r t h e r  w i t h  hydrogen t o  
form methane and a d d i t i o n a l  water by t h e  methanat ion  r e a c t i o n .  These 
r e l a t i o n s h i p s  are shown i n  F i g u r e s  3 and 4 which show t h e  y i e l d s  o f  
water and methane r e s p e c t i v e l y  a s  a f u n c t i o n  o f  CO2/CO r a t i o .  The f a c t  
t h a t  t h e s e  r e l a t i o n s h i p s  w e r e  found i n  t h e  l / l - i n c h  e n t r a i n e d - f l o w  
r e a c t o r  and i n  t h e  1 .1- inch ,  f r e e - f a l l  r e a c t o r ,  where t h e  surface/volume 
r a t io  v a r i e d  from about  50 t o  500 i n  -I, t e n d s  t o  i n d i c a t e  t h a t  t h e s e  
vapor-phase r e a c t i o n s  were n o t  c a t a l y z e d  by t h e  SS 316 reactor w a l l .  
E q u i l i b r i u m  c a l c u l a t i o n s  of  t h e  reactor e f f l u e n t  a l s o  show t h a t  a)  methane 
is approached from t h e  carbon monoxide s i d e  of t h e  s team-reforming 
r e a c t i o n  and b )  carbon monoxide i s  approached from t h e  carbon d i o x i d e  
s i d e  of t h e  water-gas  s h i f t  r e a c t i o n .  

C o a l  Hydrogen Reac t ions  
Another f e a t u r e  o f  t h e  CS-SRT Process  ( a s  w e l l  as manv o t h e r  d i r e c t  

c o a l  hydrogenat ion p r o c e s s e s )  i s  . the  u t i l i z a t i o n  o f  coal hGdrogen. Coal 
dehydrogenat ion i n c r e a s e s  c o n t i n u o u s l y  a s  hydrogenat ion  s e v e r i t y  and 
coal convers ion  are i n c r e a s e d .  During t h e  i n i t i a l  p y r o l y s i s  s t a g e  o f  
s h o r t  r e s i d e n c e  t i m e  hydrogenat ion ,  t h e  r a t e  o f  c o a l  dehydrogenat ion  is 
i n c r e a s i n g  f a s t e r  t h a n  hydrogen i s  b e i n g  consumed. The ra te  o f  c o a l  de- 
hydrogenat ion appears  t o  reach  a maximum a t  a b o u t  3 0 %  carbon c o n v e r s i o n  
as shown i n  F i g u r e  5.  A t  t h i s  p o i n t ,  approximate ly  50% o f  t h e  hydrogen 
consumption i s  coming d i r e c t l y  from t h e  c o a l .  T h i s  p o i n t  a lso c o r r e -  
sponds t o  t h e  end o f  t h e  p y r o l y s i s  mechanism and t h e  i n i t i a t i o n  of t h e  
c h a r  hydrogenat ion s t a g e .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  3 0 %  carbon con- 
v e r s i o n  corresponds t o  43% c o a l  (MF b a s i s )  convers ion  which i s  i d e n t i c a l  
t o  t h e  ASTM v o l a t i l e  matter f o r  l i g n i t e .  

Furthermore,  a t  carbon convers ions  g r e a t e r  t h a n  a b o u t  3 0 % ,  hydrogen 
p a r t i a l  p r e s s u r e  has  a pronounced e f f e c t  on carbon c o n v e r s i o n .  The f l u x  
of  v o l a t i l e s  e s c a p i n g  t h e  coal p a r t i c l e s  d e c r e a s e s  g r e a t l y  above t h e  30% 
carbon convers ion  l e v e l .  This  r e s u l t s  i n  i n c r e a s e d  hydrogen c o u n t e r d i f -  
f u s i o n  i n t o  t h e  c h a r  s t r u c t u r e  a l l o w i n g  more r e a c t i o n  between hydrogen and 
carbon s i t e s .  Higher  hydrogen p r e s s u r e s  g r e a t l y  i n f l u e n c e  t h e  d i f f u s i o n  
o f  hydrogen i n t o  t h e  p a r t i c l e .  T h i s  i s  shown i n  F i g u r e  6 and a g r e e s  wi th  
t h e  work of  James Gray and coworkers a t  PERC ( 6 ) .  

Rapid-Rate Carbon 
One o f  t h e  p r i n c i p a l  c o r r e l a t i o n  tools  o f  s h o r t  r e s i d e n c e  t i m e  

h y d r o p y r o l y s i s  is  t h e  ;ate of  convers ion  o f  r a p i d - r a t e . c a r b o n  ( 7 ) .  The 
l a t t e r  i s  a measure of t h e  t o t a l  t h e o r e t i c a l  amount o f  c o a 1 , c a r b o n  t h a t  
can be  conver ted  under  " r a p i d "  hydrogenat ion  c o n d i t i o n s .  The ra te  i t s e l f  
is p r o p o r t i o n a l  t o  hydrogen p a r t i a l  p r e s s u r e  and t h e  amount of r a p i d - r a t e  
carbon m a t e r i a l  remaining.  Rapid- ra te  carbon i s  a f u n c t i o n  o f  c o a l  t y p e ,  
p a r t i c l e  s i z e ,  t e m p e r a t u r e  and p r e s s u r e  and is a d i f f i c u l t  parameter  t o  
measure. Although t h i s  k i n e t i c  tool  cannot  be  used  as a p r e d i c t i v e  tech-  
n i q u e  u n l e s s  a l l  of  t h e s e  f u n c t i o n a l i t i e s  are known, it can  be  used t o  
demonst ra te  t h e  re la t ive  e f f e c t s  o f  d i f f e r e n t  h y d r o p y r o l y s i s  d a t a  ac-  
q u i s i t i o n  methods. 

a c a p t i v e  sample t e c h n i q u e  f o r  d a t a  a c q u i s i t i o n  r e p o r t e d  a pseudo-ra te  
c o n s t a n t  of 50 a t m - l  h r - l .  
from f r e e - f a l l  reactor t e s t  aata r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 8 )  r e s u l t s  i n  
a v a l u e  of a b o u t  8 a t m - l  h r  f o r  l i g n i t e .  Both sets o f  d a t a  were based 
on t h e  assumption t h a t  t h e  r a p i d - r a t e  l i g n i t e  carbon a v a i l a b l e  f o r  r a p i d  
hydrogenat ion  i s  100%.  I f  t h e  a c t u a l  r a p i d - r a t e  carbon f o r  l i g n i t e  i s  less 

When- p r o c e s s i n g  a l i g n i t e  a t  about  85OoC, r e s e a r c h e r s  ( 7 )  u t i l i z i n g  

C a l c u l a t i o n  of  t h e  pseudo-ra te  c o n s t a n t  
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t h a n  l o o % ,  then t h e  r e s p e c t i v e  pseudo-ra te  c o n s t a n t s  would b o t h  show 
cor responding  i n c r e a s e s .  

i s  230 a t m  -1 h r -  , 5 t o  30 t i m e s  g r e a t e r  t h a n  t h a t  o f  t h e  l i t e r a t u r e  
d a t a ,  r e s p e c t i v e l y .  T h i s  CS-SRT pseudo-ra te  c o n s t a n t  w a s  based  on d a t a  
o b t a i n e d  wi th  t h e  t u r b u l e n t ,  en t ra ined- f low reactor equipped w i t h  a 
h i g h l y  e f f i c i e n t ,  c o a x i a l ,  coal-hydrogen mixing i n j e c t o r .  Thus, it can  
be  s e e n  t h a t  i n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  
-conceptua l  CS-SRT reactor ,  it is i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  
based  on d a t a  a c q u i r e d  from a bench-scale  u n i t  t h a t  h a s  been o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  scalable t o  t h e  commercial reactor concept .  

The pseudo-rate  c o n s t a n t  for l i g n i t e  a t  85OoC f o r  t h e  CS-SRT Process 

CS-SRT Conceptual  P r o c e s s  

A conceptua l  p l a n t  d e s i g n  f o r  producing  250 MM SCFD of  p i p e l i n e  gas  
and 6300 BPD o f  aromatic l i q u i d s  has  been developed.  The d e s i g n  was based 
on d a t a  o b t a i n e d  when p r o c e s s i n g  a North Dakota l i g n i t e  i n  t h e  bench-scale  
u n i t .  S e v e r a l  a l t e r n a t i v e  p r o c e s s i n g  sequences  have been  examined b u t  an  
o p t i m i z a t i o n  has  n o t  been  under taken .  When more d e f i n i t i v e  test  d a t a  be- 
come a v a i l a b l e ,  as would be g e n e r a t e d  i n  a p i l o t  p l a n t ,  a c o n c e p t u a l  process  
o p t i m i z a t i o n  w i l l  be  performed.  The b a l a n c e  o f  t h i s  p a p e r  d e a l s  w i t h  t h e  
p r o c e s s i n g  requi rements  a b o u t  t h e  r e a c t o r  system i n c l u d i n g  coal d r y i n g ,  
c o a l  f e e d i n g ,  S R T - r e a c t o r  d e s i g n s  and quench. Detai ls  of  t h e  downstream 
p r o c e s s i n g ,  hydrogen p r o d u c t i o n  and o f f s i t e s  are p r e s e n t e d  i n  a n o t h e r  
p a p e r  a t  t h i s  meet ing.  

Design Basis 
A f t e r  c a r e f u l  a n a l y s i s  of  t h e  CS-SRT P r o c e s s  d a t a  and p a t e n t s ,  t h e  

1. "Slow" h e a t i n g  o f  coal t o  t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  temper- 

2 .  "Rapid" h e a t i n g  o f  coal from t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  t e m -  

f o l l o w i n g  r e a c t o r  d e s i g n  basis w a s  e s t a b l i s h e d  f o r  t h e  c o n c e p t u a l  p l a n t :  

a t u r e  i n  o r d e r  t o  i n c r e a s e  t h e r m a l  e f f i c i e n c y :  

p e r a t u r e  t o  h y d r o g e n a t i o n  t e m p e r a t u r e  i n  o r d e r  t o  maximize ra te  
o f  convers ion:  

minimize t h e  number of  streams t o  be  handled:  
3 .  U s e  o f  t h e  r e a c t a n t ,  hydrogen,  as t h e  h e a t  carrier i n  o r d e r  t o  

4 .  T o t a l  r e s i d e n c e  t i m e  less t h a n  two seconds:  
5. Rapid quenching o f  p r o d u c t  vapors  t o  p r e v e n t  secondary  decom- 

6 .  Recovery o f  h i g h  t e m p e r a t u r e  h e a t  from t h e  r e a c t o r  e f f l u e n t .  

C o a l  Dryin 
L i g n i t e  dr;ing on t h e  commercial-scale  t y p i c a l  o f  a n  SNG p l a n t  h a s  

an energy  requi rement  o f  a b o u t  16 b i l l i o n  BTU/day which e q u a t e s  t o  about  
5.5% o f  t h e  h e a t i n g  v a l u e  (HHV) of  t h e  l i g n i t e .  I n  c o n v e n t i o n a l  d r y i n g  
methods, t h i s  h e a t  i s  s u p p l i e d  from h o t  combusted f u e l  gas .  E f f i c i e n t  
l i g n i t e  d r y i n g  is a r e l a t i v e l y  new technology and c o n v e n t i o n a l  p r o c e s s e s  
have been  a p p l i e d  t o  r e d u c i n g  t h e  m o i s t u r e  from 35% t o  o n l y  a b o u t  10-15%. 
I n  t h e  case of t h e  CS-SRT P r o c e s s ,  any m o i s t u r e  e n t e r i n g  t h e  r e a c t o r  w i l l  
b e  evapora ted  a t  t h e  r e l a t i v e l y  h igh  SRT r e a c t i o n  t e m p e r a t u r e s .  This  
h e a t  d u t y  w i l l  o f  c o u r s e  c o m e  from t h e  h o t  r e c y c l e  hydrogen stream. There- 
f o r e ,  a d e s i g n  s p e c i f i c a t i o n  of 3% l i g n i t e  m o i s t u r e  w a s  set  i n  o r d e r  t o  
improve t h e  r e a c t o r  h e a t  b a l a n c e .  Reduct ion t o  3 %  u s i n g  c o n v e n t i o n a l  
d r y i n g  technology may p r o v e  d i f f i c u l t  due t o  t h e  long  r e s i d e n c e  times 
r e q u i r e d  i n  gas  conveyor- type d r y e r s .  

make us  o f  t h e  l a r g e  q u a n t i t y  o f  low l e v e l  h e a t  a v a i l a b l e  i n  t h e  form of 
60 P s i  s team. T h i s  steam i s  a s s o c i a t e d  w i t h  t h e  i n e f f i c i e n c i e s  i n  t h e  

p o s i t i o n  r e a c t i o n s :  

To circumvent  t h e s e * p r o b l e m s ,  coal d r y i n g  i n  t h e  CS-SRT P r o c e s s  w i l l  
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a many p r o c e s s i n g  s t e p s  i n  a l l  c o a l  c o n v e r s i o n  p l a n t s .  I n  t h e  CS-SRT Process ,  

it i s  b e l i e v e d  t h a t  60 p s i  steam w i l l  account  f o r  a b o u t  5% o f  t h e  h e a t i n g  
value of  t h e  c o a l  f e d  t o  t h e  p l a n t .  

w a t e r  as a r e s u l t  o f  t h e  a z e o t r o p e  formed between w a t e r  and benzene (156OF, 
1 a t m ,  30 m o l %  water, 70 m o l %  benzene) .  Benzene is chosen s i n c e  it is 
a byproduct  o f  t h e  CS-SRT P r o c e s s  t h e r e b y  minimiz ing  t h e  h a n d l i n g  of  
a d d i t i o n a l  chemica ls .  Accordingly,  w e t  l i g n i t e  w i l l  be p u l v e r i z e d  and 
s l u r r i e d  w i t h  benzene as shown i n  F i g u r e  7 .  The s l u r r y  w i l l  t h e n  b e  f e d  t o  
a n  ebul la ted-bed  c o n t a c t o r  where it is  h e a t e d  by an i n e r t  r e c y c l e  gas stream. 
The g a s  Stream w i l l  o b t a i n  i t s  h e a t  by i n d i r e c t  h e a t  exchange w i t h  t h e  
60 p s i  steam s o u r c e .  Proper  d e s i g n  of t h e  e b u l l a t e d - b e d ,  which f a l l s  wi th-  
i n  C i t i e s  S e r v i c e ' s  LC-Fining technology,  w i l l  r e s u l t  i n  t h e  v a p o r i z a t i o n  
o f  t h e  benzene-water a z e o t r o p e .  Condensat ion o f  t h e  a z e o t r o p i c  vapors  
r e s u l t s  i n  t h e  recovery  of  a r e l a t i v e l y  p u r e  l i q u i d  benzene stream and a 
l i q u i d  w a t e r  stream. The benzene is  r e c y c l e d  and t h i s  w a t e r ,  g e n e r a t e d  
i n t e r n a l l y  w i t h i n  t h e  p r o c e s s ,  w i l l  b e  a v a i l a b l e  f o r  p l a n t  use  i n  t h e  
g a s i f i e r s  o r  s h i f t  reactors. T h i s  w a t e r  can account  f o r  approximate ly  40% 
o f  t h e  t o t a l  p r o c e s s  water needed i n  t h e  CS-SRT complex and can r e s u l t  i n  
water s a v i n g s  o f  a b o u t  2000 a c r e - f t / y r .  

The " d r i e d "  coal-benzene s l u r r y  w i l l  be  drawn from t h e  ebul la ted-bed  
w i t h  less t h a n  3% water  c o n t e n t .  The s l u r r y  w i l l  now r e a d i l y  be a v a i l -  
a b l e  f o r  downstream p r o c e s s i n g  i n  t h e  coal f e e d  s e c t i o n .  

Furthermore,  advantage  i s  t a k e n  of  t h e  b o i l i n g  p o i n t  d e p r e s s i o n  o f  

Coal Feedinq 
S i n c e  t h e  CS-SRT P r o c e s s  u t i l i z e s  a p r e s s u r i z e d  g a s i f i e r ,  it h a s  t h e  

same problems r e g a r d i n g  t h e  f e e d i n g  o f  c o a l  i n t o  a p r e s s u r e  v e s s e l  as do 
o t h e r  p r e s s u r i z e d  g a s i f i c a t i o n  p r o c e s s e s ,  s u c h  as BI-GAS, HYGAS, and 
SYNTHANE. One major  d i f f e r e n c e  and advantage  i s  t h a t  t h e  CS-SRT Process 
produces benzene, a s o l v e n t  t h a t  can be  used t o  m a i n t a i n  a p r e s s u r e  seal. 
T h e r e f o r e ,  t h e  low p r e s s u r e ,  l i g n i t e - b e n z e n e  s l u r r y  from t h e  c o a l  d r y i n g  
s e c t i o n  w i l l  be pumped t o  sys tem p r e s s u r e  w i t h  a p o s i t i v e  d isp lacement  
i n j e c t i o n  pump. The benzene w i l l  b e  s u b s e q u e n t l y  f l a s h e d  away from t h e  
l i g n i t e  i n  a d r i e r  n e a r  i t s  c r i t i c a l  p o i n t .  Benzene c o n t e n t  o f  t h e  d r i e d  
coal should  be ex t remely  low as a r e s u l t  o f  t h e  purg ing  e f f e c t  o f  t h e  
benzene- f ree ,  f l u i d i z i n g  g a s .  

d e l i v e r e d  t o  a dense-phase t r a n s p o r t  system (see F i g u r e  8 )  s imi l a r  t o  t h a t  
d e s c r i b e d  by Rocketdyne D i v i s i o n  of Rockwell I n t e r n a t i o n a l  ( 9 ) .  Laboratory 
tests havesshown l i g n i t e  d r i e d  from a benzene s l u r r y  to  be f ree- f lowing .  
I t  i s  b e l i e v e d  t h a t  t h e  s m a l l  q u a n t i t y  o f  benzene remain ing  i n  t h e  c o a l  
p o r e s  w i l l  e n t e r  t h e  r e a c t o r  and be  c a r r i e d  through a l o n g  w i t h  t h e  product  
g a s e s  w i t h o u t  undergoing decomposi t ion.  

L i g n i t e  w i t h  less t h a n  3% water and a t  system p r e s s u r e  w i l l  then  be 

Reac tor  Design 
Rapid h e a t i n g  of  c o a l  may be  achieved  by mixing h o t  r e c y c l e  hydrogen 

w i t h  t h e  dense-phase, t r a n s p o r t e d  c o a l  i n  an i n j e c t o r  assembly a t  t h e  in-  
l e t  o f  t h e  reactor.  With p r o p e r l y  d e s i g n e d  i n j e c t o r s ,  mixing i s  r a p i d  on 
t h e  o r d e r  of a few m i l l i s e c o n d s .  Once mixed t h e  c o a l  and hydrogen w i l l  
t r a v e r s e  t h e  reactor upwards under  c o n d i t i o n s  of  f a s t  f l u i d i z a t i o n  t o  
allow i n t i m a t e  c o n t a c t  between hydrogen and c o a l  p a r t i c l e s .  The temper- 
a t u r e  and f l o w r a t e s  o f  t h e  h o t  r e c y c l e  g a s  and coal r e s p e c t i v e l y  w i l l  be 
se t  t o  a l low t h e  CS-SRT r e a c t i o n s  t o  proceed  a d i a b a t i c a l l y  and exotherm- 
i c a l l y .  The r e c y c l e  hydrogen/coal  r a t i o  is a c r i t i c a l  parameter  a f f e c t i n g  
n o t  o n l y  t h e  r e a c t o r  h e a t  b a l a n c e  and r e a c t o r  k i n e t i c s  b u t  a l so  t h e  cost 
of  downstream p r o c e s s i n g  equipment. 

A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p  and s h o r t  r e s i d e n c e  t i m e  f e a t u r e s  of 
t h e  CS-SRT P r o c e s s ,  ex t remely  high coal t h r o u g h p u t s  are p o s s i b l e ,  o f  t h e  
o r d e r  o f  2000 l b / h r  f t 3  o f  reactor volume. F o r  t h e  case of a 250 MM SCFD 
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p l a n t  (and a s s o c i a t e d  BTX p r o d u c t i o n ) ,  o n l y  t h r e e  r e a c t o r s  w i l l  be  re- 
q u i r e d ,  each c a p a b l e  of p r o c e s s i n g  roughly  200 TPH c o a l  th rough a 3 1 / 2  
f t  i n s i d e  d iameter .  

Multi-Tube Reac tor  Concept  
The combinat ion o f  o p e r a t i n q  a t  a minimum hydroqen/coal  recycle r a t i o  

under  exothermic  c o n d i t i o n s  can G e s u l t  i n  e x c e s s i v e  tempera ture  Gises . 
T h i s  could  r e s u l t  i n  loss o f  v a l u a b l e  benzene due to  t h e  a d v e r s e  k i n e t i c s  
f a v o r i n g  benzene decomposi t ion .  Fur thermore ,  s i n c e  c o a l  i s  b e i n g  t r a n s -  
p o r t e d  i n  dense-phase i n  a series o f  t u b e s  t o  a mul t i -e lement  i n j e c t o r  
assembly,  a mul t i - tube  reactor concept  appears  p l a u s i b l e .  

exchange i s  b e i n g  developed.  High p r e s s u r e  s t e a m  g e n e r a t i o n  (1500 p s i )  
can b e  used on t h e  c o o l a n t  s i d e  t o  m a i n t a i n  an i s o t h e r m a l  t u b e  w a l l .  
However, by u s i n g  a c o o l a n t ,  such a s  a molten meta l ,  h e a t  can  b e  absorbed 
non- i so thermal ly  w h i l e  a l l o w i n g  c o n t r o l  of t h e  t e m p e r a t u r e  p r o f i l e  w i t h i n  
t h e  r e a c t o r  t u b e .  T h i s  h e a t  can a l s o  b e  used f o r  h i g h  t e m p e r a t u r e  h e a t  
exchange e l sewhere  i n  t h e  p r o c e s s .  C o n t r o l  of t h e  reactor t e m p e r a t u r e  
p r o f i l e  w i l l  a f f o r d  t h e  p l a n t  o p e r a t o r  t h e  a b i l i t y  t o  v a r y  p r o d u c t  spectrum, 
c o n v e r s i o n  and turndown. 

I n  one c o n c e p t u a l  case, molten sodium i s  used  t o  1) c o n t r o l  t h e  
reactor tempera ture  p r o f i l e  and 2 )  l i m i t  tube w a l l  t e m p e r a t u r e  i n  c o n t a c t  
w i t h  coal-hydrogen r e a c t a n t s  t o  1200°F. O t h e r  molten meta l  sys tems,  such 
as molten lead  o r  a 2 2 %  sodium/78% potass ium e u t e c t i c ,  a re  a lso under 
c o n s i d e r a t i o n .  The r e a c t o r  d e s i g n  might  c o n s i s t  o f  1 2  a l l o y  h e a t  t r a n s f e r  
tubes c o n t a i n i n g  t h e  r e a c t a n t s  a t  sys tem p r e s s u r e .  The t u b e s  are immersed 
i n  t h e  molten m e t a l  envi ronment ,  a l s o  a t  sys tem p r e s s u r e ,  w i t h i n  a re- 
f r a c t o r y - l i n e d  p r e s s u r e  v e s s e l .  The t u b e s  w i l l  b e  a b o u t  12-inches i n  
d i a m e t e r  and f i t  w i t h i n  t h e  3 1 / 2  f t .  i . d .  v e s s e l .  The major  advantages 
of t h i s  r e a c t o r  d e s i g n  are b e l i e v e d  t o  be:  

Accord ingly ,  a m u l t i - t u b e ,  h i g h  p r e s s u r e  reactor w i t h  i n t e r n a l  h e a t  

1. High coal t h r o u g h p u t  p e r  volume of reactor;  
2 .  E x c e l l e n t  turndown (8-100% f u l l  c a p a c i t y )  ; 
3 .  E x c e l l e n t  reactor t e m p e r a t u r e  c o n t r o l ;  
4 .  Overcomes h e a t  t r a n s f e r  l i m i t a t i o n s  of  c o n v e n t i o n a l  p r e s s u r e  

5.  P o t e n t i a l  l o w  r i s k  t o  s c a l e u p  from p i l o t  o p e r a t i o n s .  
ves se 1 s ; 

Molten Metal  Heat Exchange 
High thermal  e f f i c i e n c y  i n  t h e  CS-SRT P r o c e s s  may b e  achieved  by 

r e c o v e r y  o f  t h e  h i g h  t e m p e r a t u r e  h e a t  o f  t h e  r e a c t o r  e f f l u e n t .  However, 
t h i s  h a s  t o  be  accomplished w i t h i n  t h e  c o n s t r a i n t s  of r a p i d  quenching.  
T h i s  problem h a s  been r e c o g n i z e d  and s o l v e d  i n  t h e  a s s o c i a t e d  technology 
o f  e t h y l e n e  p r o d u c t i o n  v i a  steam c r a c k i n g  ( 1 0 , 1 1 1 .  I n  t h e  l a t t e r  r e f e r -  
e n c e ,  i n d i c a t i o n s  a r e  t n a t  mol ten  metal i s  used t o  r a p i d l y  quench steam 
c r a c k e r  e f f l u e n t  w h i l e  a t  t h e  same t i m e  r e c o v e r i n g  h i g h  t e m p e r a t u r e  h e a t .  
Quenching requi rements  f o r  e t h y l e n e  product ion  a r e  even more s t r i n g e n t  
t h a n  f o r  t h e  CS-SRT P r o c e s s ,  of t h e  o r d e r  of  10-15 m i l l i s e c o n d s  compared t o  
a b o u t  1 0 0  m i l l i s e c o n d s .  

A molten m e t a l  h e a t  exchanger  sys tem has  been c o n c e p t u a l i z e d  and 
a p p l i e d  t o  t h e  CS-SRT P r o c e s s .  The bulk  of  t h e  h e a t  s t o r e d  i n  t h e  molten 
m e t a l  r e s u l t s  from h e a t  r e c o v e r y  i n  t h e  r e a c t o r  e f f l u e n t  quench exchanger. 
T h i s  h e a t  can t h e n  b e  exchanged t o  p r o v i d e  t h e  d u t i e s  f o r  r e c y c l e  gas  
p r e h e a t i n g ,  coal m o i s t u r e  removal  and coal-benzene s l u r r y  d r y i n g .  These 
t o t a l  d u t i e s  a r e  e q u i v a l e n t  t o  a b o u t  1 . 5  thermal  e f f i c i e n c y  p o i n t s .  

Our c a l c u l a t i o n s  have shown t h a t  t h i s  concept  i s  f e a s i b l e  from both  
a p r o c e s s  and a m e t a l l u r g i c a l  s t a n d p o i n t .  The concept  u t i l i z e s  molten 
m e t a l  t echnology a l r e a d y  developed  f o r  t h e  C l i n c h  River  b r e e d e r  r e a c t o r .  
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S t u d i e s  of t h e  economics and o p t i m i z a t i o n  o f  t h i s  molten m e t a l  technology 
t o  t h e  CS-SRT P r o c e s s  are c o n t i n u i n g .  

Conclus ion  

Bench-scale t e s t i n g  w i t h  a North Dakota l i g n i t e  h a s  shown t h a t  t h e  
CS-SRT Process  scheme may b e  an a t t r a c t i v e  p r o c e s s  f o r  c o n v e r t i n g  c o a l  
t o  p i p e l i n e  q u a l i t y  g a s ,  e t h a n e  and BTX l i q u i d s .  
(and e t h a n e  f e e d s t o c k  f o r  e t h y l e n e  p r o d u c t i o n )  i n  t h e  CS-SRT Process  i s  
a key f a c t o r  i n  lower ing  t h e  o v e r a l l  c o s t  o f  s e r v i c e s  f o r  producing SNG 
from coal. A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p ,  s h o r t  r e s i d e n c e  t i m e  and r a p i d  
quench f e a t u r e s  of  t h e  p r o c e s s ,  a s i m p l e ,  h i g h  throughput  r e a c t o r  concept  
may be  u t i l i z e d  w i t h o u t  s u f f e r i n g  l o s s  i n  convers ion  and u n d e s i r a b l e ,  
secondary-decomposi t ion r e a c t i o n s .  

I n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  con- 
c e p t u a l  CS-SRT r e a c t o r ,  i t  i s  i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  based 
on d a t a  a c q u i r e d  from a bench-sca le  u n i t  t h a t  h a s  been  o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  s c a l a b l e  t o  t h e  commercial r e a c t o r  concept .  

Flowsheet  s t u d i e s  of  t h e  CS-SRT P r o c e s s  have r e s u l t e d  i n  i d e n t i f y i n g  
s e v e r a l  promising p r o c e s s i n g  s t e p s  a p p l i c a b l e  t o  c o a l  g a s i f i c a t i o n :  

1. Drying of  c o a l  u s i n g  a z e o t r o p i c  benzene v a p o r i z a t i o n  i n  an 
e b u l l a t e d - b e d  c o n t a c t o r ;  

2. Mult i - tube ,  h i g h  p r e s s u r e ,  e n t r a i n e d - f l o w  r e a c t o r  concept  w i t h  
i n t e r n a l  h e a t  exchange and l o w  s c a l e u p  r a t i o  t o  commercial 
o p e r a t i o n ;  

Product ion  o f  BTX l i q u i d s  

3 .  High t e m p e r a t u r e ,  h e a t  recovery  u s i n g  molten metal h e a t  exchange. 

The n e x t  s t e p  of development o f  t h e  CS-SRT Process  would r e q u i r e  
a b o u t  a 6-inch d i a m e t e r ,  p i l o t - p l a n t  r e a c t o r  c a p a b l e  o f  p r o c e s s i n g  about  
100 TPD c o a l .  T h i s  p i l o t - p l a n t  would b e  one s c a l e u p  s t e p  away from a 
12-inch d i a m e t e r ,  s i n g l e  t u b e ,  commercial-type o p e r a t i o n .  
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Figure 1 
COMPARISON OF REACTORS U T I L I Z E D  IN ENERGY RESEARCH L A B O R A T O R Y  
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LIQUID FUELS FROM LOW Btu GAS: DILUTE PHASE 
FISCHER-TROPSCH STTHESIS 

John L. Cox and Ed Baker 

Battelle Pacific Northwest Laboratory 
Richland, WA. 

Methods of producing liquid hydrocarbons from coal and other solid 
carbonaceous substrates may be roughly characterized as direct or 
indirect. Direct methods include various pyrolysis and catalytic hydro- 
genolysis techniques which are described in the literature (1,2). 
Indirect liquefaction methods first gasify the carbonaceous substrate 
to produce a synthesis gas which can then be converted into liquid 
hydrocarbons. The composition of the synthesis gas can be tailored 
to fit the needs of the subsequent hydrocarbon synthesis by proper 
choice of gasifying conditions, gasifying agents, CO-shift conversion 
and removal of undesirable constituents. Extensive investigations have 
been made on the use of synthesis gas composed of H2 and CO for 
producing liquid hydrocarbons suitable as fuel and specialized chemicals. 
These reactions are categorically referred to as the Fischer-Tropsch 
synthesis although significant contributions have been made by a 
number of different investigators. The Fischer-Tropsch synthesis has 
been almost exclusively used with synthesis gas consisting of pure H2 
and CO of various stoichiometric ratios. In the following discussion 
a new application of this old technology for indirect coal liquefaction 
will be presented. This application consists of using synthesis gas 
diluted with inerts such as N2, CH4 and C02 and is referred to as the 
Dilute Phase Fischer-Tropsch Synthesis. 

CONVENTIONAL FISCHER-TROPSCH SYNTHESIS 

The synthesis of hydrocarbons from H2 and CO has been of consid- 
erable academic and practical interest since the discovery of methane 
synthesis by Sabatier in 1902. These simple reactants constitute 
the necessary building blocks for producing a large spectrum of essential 
organic chemicals and fuels. The synthesis has been reviewed several 
times over the past 50 years by Vannice, ( 3 )  Pichler, (4) Anderson, (5,6) 
Hofer, (7) and Storch et al. (8) 

The diversity of the conventional Fischer-Tropsch synthesis is 
demonstrated in Figure 1. It is evident that a considerable spectrum 
of hydrocarbons can be obtained from pure H2 and CO synthesis gas by 
proper choice of reaction conditions. The choice of catalyst is perhaps 
the most critical variable in the synthesis although pressure, tempera- 
ture, H2/CO ratio and space velocity or residence time are clearly 
important in determining product composition. Methane is the predominant 
product with nickel catalysts over a considerable pressure range at 
200-3OO0C. Paraffins and olefins are produced over iron and cobalt 
catalysts in both the low (1 atm) and medium (5-20 atm) pressure 
synthesis at 185-3OO0C. At higher pressures ( %lo0 atm) and tempera- 
tures ( ~ 4 0 0 ~ C )  the product over iron catalysts consists mostly of 
oxygenated hydrocarbons (Synthol). High molecular weight (100,000- 
200,000) paraffins are produced with ruthenium catalysts at 100-1000 
atm pressure and 200-250°C. Methanol and higher alcohols are obtained 
from zinc oxide and alkali promoted zinc oxide catalysts, respectively, 
at high pressures (100-300 atm) and temperatures of 250-350'C. Using 
difficult to reduce metal oxide (ThO2, A1203 + ZnO) catalysts at high 
pressures and temperatures of 400-500°C aromatics, naphthenes ,and 
iso-paraffins are produced. 
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DULITE PHASE FISCHER-TROPSCH SYNTHESIS 

I n  s p i t e  of t h e  e x t e n s i v e  work on t h e  Fischer-Tropsch s y n t h e s i s ,  
l i t t l e  a t t e n t i o n  h a s  been  d i r e c t e d  a t  employing d i l u t e d  s y n t h e s i s  g a s  

, i n  t h e  s y n t h e s i s .  D i l u t e  s y n t h e s i s  g a s  is  s imilar  i n  composi t ion  t o  
low Btu g a s .  I t  i s  o b t a i n e d  by g a s i f y i n g  carbonaceous m a t e r i a l  w i t h  
air-steam or oxygen e n r i c h e d  air-steam m i x t u r e s .  Cont rary  to  g a s i -  
f i c a t i o n  w i t h  02-steam, t h e  g a s  w i l l  c o n t a i n  moderate  t o  h i g h  
c o n c e n t r a t i o n s  of  n i t r o g e n .  The work t h a t  h a s  been  done w i t h  d i l u t e  
s y n t h e s i s  g a s ,  a l t h o u g h  s k e t c h y ,  i n d i c a t e s  t h a t  s i g n i f i c a n t  y i e l d s  
o f  l i q u i d  hydrocarbons c a n  be  o b t a i n e d  w i t h  c o n v e n t i o n a l  F i s c h e r -  
Tropsch c a t a l y s t s .  H a l l  and Smith ( 9 )  examined t h e  e f f e c t  o f  n i t r o g e n  
d i l u t i o n  on the F-T s y n t h e s i s ;  t h e  r e s u l t s  are  summarized i n  Table  1. 
As w i t h  non-d i lu ted  s y n t h e s i s  g a s  a t  c o n s t a n t  t e m p e r a t u r e ,  the y i e l d  
o f  p r o d u c t  p e r  volume o f  s y n t h e s i s  g a s  d e c r e a s e d  w i t h  i n c r e a s i n g  s p a c e  
v e l o c i t y .  Fur thermore ,  a t  c o n s t a n t  s p a c e  v e l o c i t y  rep lacement  of 
s y n t h e s i s  g a s  w i t h  n i t r o g e n  r e s u l t s  i n  a n  i n c r e a s e  y i e l d  o f  l i q u i d s  
p l u s  s o l i d s  p e r  c u b i c  m e t e r  o f  2H + 1CO. T h i s  i s  r e a d i l y  s e e n  by 
comparing y i e l d s  of t h e  f i r s t  w i d  t h e  second r o w  a t  1 atm and t h e  
f o u r t h  w i t h  t h e  f i f t h  r o w  f o r  t h e  1 0  atm s y n t h e s i s .  Gibson and Hall  
(10) s t u d i e d  t h e  F-T s y n t h e s i s  w i t h  d i l u t e d  s y n t h e s i s  g a s  o v e r  a 
Co-Th02-Mg0-kieselguhr c a t a l y s t  concluding  t h a t  the d i l u t i o n  a f f e c t e d  
t h e  ra te  of s y n t h e s i s  by r e d u c i n g  t h e  p a r t i a l  p r e s s u r e  of r e a c t a n t s  
( 2 H 2  + K O ) .  D i l u t i o n  of t h e  s y n t h e s i s  g a s  was also observed  t o  
i n c r e a s e  t h e  p r o p o r t i o n  of t h e  low-boi l ing p r o d u c t .  The observed  
v a r i a t i o n  i n  l i q u i d  p r o d u c t  and CO c o n v e r s i o n  w i t h  d i l u t i o n  by t h e s e  
i n v e s t i g a t o r s  is shown i n  F i g u r e  2 .  Although the y i e l d  p e r  u n i t  volume 
of g a s  w i l l  b e  less i n  t h e  d i l u t e  phase  F-T s y n t h e s i s ,  t h e  p r o d u c t  
composi t ion  is l i k e l y  t o  b e  s i m i l a r  to c o n v e n t i o n a l  F-T s y n t h e s i s  under 
s i m i l a r  o p e r a t i n g  c o n d i t i o n s .  A t y p i c a l  p r o d u c t  composi t ion  over  a 
c o b a l t  c a t a l y s t  i n  t h e  c o n v e n t i o n a l  F-T s y n t h e s i s  is  shown i n  F i g u r e  3 .  

UTILITY OF DILUTE PHASE F-T SYNTHESIS 

I n  t h e  p r e c e d i n g  s e c t i o n  w e  have shown t h a t  d i l u t e  phase  F-T 
s y n t h e s i s  can  be used  t o  o b t a i n  l i q u i d  hydrocarbons from s y n t h e s i s  
gas (H2 + CO) t h a t  i s  h i g h l y  d i l u t e d  w i t h  N 2 ,  CH4 and C02.  With t h i s  
c a p a b i l i t y ,  the d i l u t e  p h a s e  Fischer-Tropsch s y n t h e s i s  i s  viewed as  
a n  add-on f a c i l i t y  where l i q u i d  hydrocarbons a r e  o b t a i n e d  as a byproduct 
f r o m  l o w  Btu gas .  Although any low Btu g a s  could  b e  used i n  t h e  
s y n t h e s i s ,  i n  s i t u  g e n e r a t e d  low Btu coal g a s  h a s  been used t o  c a r r y  
o u t  p r e l i m i n a r y  e n g i n e e r i n g  and economic f e a s i b i l i t y  s t u d i e s .  The 
c o n c e p t u a l i z e d  p r o c e s s  i s  shown i n  F i g u r e  4. S tepwise ,  coal i s  f i r s t  
g a s i f i e d  i n  s i t u  w i t h  air.,  The i n  s i t u  g e n e r a t e d  g a s  i s  t h e n  sub- 
j e c t e d  t o  a g a s  c lean-up  where H2S, H i O ,  C 0 2  and d u s t  are removed. 
T h i s  is fol lowed by d i l u t e  phase F-T s y n t h e s i s  and p r o d u c t  f r a c t i o n a -  
t i o n  t o  o b t a i n  the l i q u i d  hydrocarbon byproduct  from t h e  l o w  Btu gas .  
M a t e r i a l  ba lance  c a l c u l a t i o n s  based on s i t u  c o a l  g a s i f i c a t i o n  d a t a  by 
Brandenberg e t  a l .  (13)  and t h e  d i l u t e  phase F-T s y n t h e s i s  d a t a  of 
Gibson and H a l l  (10) f o r  a 50,000 b b l / d a  p l a n t  are shown i n  Table  2 .  
Hence, 86 x l o 8  SCF/da of  a i r  is  used  f o r  t h e  i n  s i t u  g a s i f i c a t i o n  of 
2.16 x l o 5  ton/da of coal.  The removal  of  i m p u r i t i e s  p r o v i d e s  147.7 
x lo8 SCF/da of d r y ,  d i l u t e ,  low Btu (152 Btu/SCF) s y n t h e s i s  gas .  
D i l u t e  phase F-T s y n t h e s i s  y i e l d s  50 ,000  bbl /da of  l i q u i d  byproduct  
w i t h  t h e  pr imary p r o d u c t  b e i n g  121.0 x l o 8  SCF/da of  l o w  Btu (148 Btu/ 
SCF) f u e l  gas .  The l i q u i d  y i e l d  amounts t o  1 / 4  b b l / t o n  of i n  s i t u  coa l  
g a s i f i e d .  The l i q u i d  would be  s u l f u r  and n i t r o g e n  free and estimated 
t o  c o n t a i n  up t o  25% o l e f i n s  w i t h  57% b o i l i n g  below 15OoC and 34% 
b o i l i n g  between 150-270OC. 
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TABLE 1. Effect of Diluted Synthesis Gas on F-T Synthesis 
(Co-Th02-Mg0-kieselguhr catalyst) 

Temperature Pressure Feed Gas Composition 

‘C atm vo lu rn  % 

H2 CO N2 C02 CH4 ----- 
193 1 68.7 30.0 1.0 -- 0.3 

193 1 58.2 24.2 16.3 -- 1.3 

193 1 44.4 26.7 28.8 -- 0.1 

192 10 62.0 31.5 4.0 2.5 -- 
193 10 41.8 20.0 35.1 3.1 -- 

Space Y i e l d  o f  L iqu ids  and 
V e l o c i t y  Solids 

h r - I  g/m3 
Feed Gas 2H2tlC0 - - 

184 109.2 110 

91 106 127 

133 87.8 123 

131 106 113 

138 112 120 

TABLE 2. Process Stream Compositions 
Process 
Stream 

9 )  - 

I Oescr ip t ion  - Comosi t ion ,  Vol.  o r  W t .  % Flow 
A i  r 00 N2. 20 0% 86 x lo8 SCF/da 

Coal 

Low Utu gas 
(102 Btu/SCF) 

Scrubbed gas i m p u r i t i e s  

Dry d i l u t e  phase 
synthesis gas 
(152 Btu/SCF) 

Synthesis product and 
unconverted gas 

L i q u i d  hydrocarbon 

Low Btu gas 
(140 Btu/SCF) 

Water 

6.3 tiZo. 18.4 asti, 0.5 s, 4.6 H, 55.3 c, 
0.7 N,  14.2 0 

26.9 H20, 12.2 H2, 6.1 CO. 0.6 02, 36.5 N2, 

3.3 CH4, 0.4 C2, 14.0 C02. 0.05 H2S 

? dust, 0.12 HZS. 64.8 H20. 35.0 COz 

20.7 H2, 10.3 CO, 1.0 02, 61.8 N2, 
5 . 6  CH4. 0.7 C2 

0.35 C1H2,4(estm.). 8.1 H2, 4.6 CO, 
69.6 N2, 6.5 CH4. 1.7 C2, 8.8 H20. 

Cll12~4(estm.), dens i ty  - 0.85 g/cm?estn!.) 

0.2 c3. 0.2 c4 

8.9112. 5.1 CO, 76.5 N2. 7.1 CH4. 1.9 C2 
0.2 c3. 0.2 c 4  
IOU 1H20 
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2.16  x lo5 tn/da 

253 x IO8 SCF/da 

105 x l o 8  SCF/da 

147.7 x l o 8  SCFIda 

133.6 x l o 8  SCF/da 

5 x I O 4  b b l l d a  

121.0 x I O 8  SCF/da 

11.9 x l o 8  SCF/da 



PROCESS ECONOMICS 

Preliminary economics have been calculated for the conceptualized 
dilute phase F-T synthesis coupled with in situ coal gasification. 
These calculations, based on the material balance shown in Table 2 
and certain necessary assumptions, indicate that high quality sulfur- 
free liquid fuels can be produced for as little as $13/bbl. This 
assumes use of an iron catalyst costing $O.lO/lb, low Btu gas from 
in-situ gasification at $0.43/MM Btu as described by A.  D. Little, (11) 
and a 10% return on capital investment. 

The cost of the liquid fuel produced is highly dependent on 
capital investment and raw materials costs s o  any increase in space 
velocity or increase in yield would significantly reduce the cost of 
the liquid product. Likewise an increase in the cost of raw materials 
(low Btu gas, catalyst, etc.) would increase the liquid fuel cost. The 
influence of these variables on liquid fuel cost is shown in Table 3 .  
These liquid fuel costs are based on a 10% return on investment an 
six month ca alyst life. Two different space velocities, 1000 hr- 
and 2000 hr-' have been used in t e calculations. 
cost figures are for the 2000 hr-' space velocity operations. The 
economic incentive for operating at higher space velocities or larger 
through-puts is clearly evident from the data in Table 3 .  It is also 
evident from the tabulated data that as the catalyst cost increses so 
does the benefit from operating at higher space velocities. 

P a  
The parenthesized 

TABLE 3 .  Liquid Fuel Cost 

Product Cost $/bbl 

Cost of Low Btu Gas $/MM Btu 
Catalyst Cost $0.43 $0.75 $1.00 

$0.10/lb 13 (12) 18 (16) 21 (20) 
$1.00/lb 23 (16) 28 (21) 32 (25) 

Total capital investment for a dilute pahse F-T facility produc- 
ing 50,000 bbl/da of liquid fuels would be $300-400 million in 1976 
dollars. The major processing unit required is the synthesis reactor. 
Cost of the reactors is about one third of the total capital investment 
because of the large heat transfer area required to maintain proper 
control of reaction temperature. The heat of reaction will be recovered 
by generating steam to be used as process feed, in steam driven pumps 
and compressors, and for electrical power drives. Types of reactors 
that could be used range from a simple vertical boiler with catalyst 
packed in the tubes to a design where the catalyst is sprayed on the 
,heat transfer surface. (12) 
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CONCLUSIONS 

The dilute phase F-T synthesis is a new application of old 
technology. It provides a means of obtaining significant yields of 
liquid hydrocarbon byproduct from low Btu gas. Since the low Btu 
gas is obtained by gasifying with air in place of oxygen the need 
for separating 0 2  and N2 is eliminated. Engineering and economic 
evaluations were made of dilute phase F-T synthesis coupled with in 
situ coal gasification. The complex wa scaled to produce 50,000 
bbl/da of liquid byproduct and 121 x I O B  SCF/da low Btu (148 Btu/SCF) 
fuel gas primary product. Considering such economic factors as 
return on capital investment, catalyst cost and life, space velocity 
and low Btu gas cost, the liquid product cost was estimated to be 
between $13-35 bbl. The most significant contributions to the product 
cost were identified as return on investment, capital cost and catalyst 
cost. Technical indications are good that significant reductions can 
be made in the latter two areas which will improve the overall 
economics. 
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ECONOMIC COMPARISON OF COAL FEEDING SYSTEMS I N  COAL 
GASIFICATION--LOCK HOPPER VS SLURRY 

W i l l i a m  C .  Morel 

U.S. Department o f  t h e  I n t e r i o r ,  Bureau o f  Mines 
Process Eva lua t i on  Office--MMRD 

P.O. Box 880 
Morgantown, West V i r g i n i a  26505 

INTRODUCTION 

Coal feeding t o  t h e  va r ious  p ressu r i zed  coal  g a s i f i c a t i o n  processes presents  
c e r t a i n  techn ica l  problems t h a t  w i l l  have t o  be so lved.  Two feeding systems being 
considered are the  l o c k  hopper and coa l  s l u r r y .  The coal  s l u r r y  system has the  
advantage o f  be ing s imple t o  operate w i t h  a good r e l i a b i l i t y ,  b u t  e ros ion  problems 
i n  t h e  c i r c u l a t i n g  pumps and i n j e c t i o n  va lves w i l l  have t o  be solved.  The l o c k  
hopper system has t h e  advantage o f  f eed ing  a d r y  coa l  w i t h o u t  s o l v e n t  d i l u t i o n ,  but  
w i l l  a l s o  have e ros ion  problems i n  t h e  va lves and w i l l  r e q u i r e  a complex c y c l e  con- 
t r o l  system. 

An economic comparison was made o f  t h e  two feed ing  systems based on t h e  B i t u -  
minous Coal Research's Bi-Gas process us ing  a Western Kentucky No. 11 coa l ,  assum- 
i n g  t h e  two systems a r e  t e c h n i c a l l y  f e a s i b l e .  
1976 c o s t  indexes. 
d iscounted cash f l o w  r a t e s  o f  12, 15, and 20 percent  a t  va r ious  coal  cos ts .  No 
i n f l a t i o n  f a c t o r s  a r e  considered f o r  t h e  l i f e  o f  t h e  p l a n t .  
cons iderat ions have been incorporated.  
o f  t h e  Bi-Gas process a r e  inc luded.  

The est imates a r e  based on January 
Average s e l l i n g  p r i c e s  o f  t h e  gas were determined by us ing  

P o l l u t i o n  abatement 
Some o f  t h e  economic and t e c h n i c a l  d e t a i l s  

Lock Hopper System 

The Bi-Gas process i s  a two-stage coa l  g a s i f i c a t i o n  system t o  conver t  b i t u -  
minous and subbituminous coa l  t o  a h igh-Btu p i p e l i n e  gas. F igure 1 i s  a f lowsheet  
of  t h e  process (1)  and inc ludes  t h e  f o l l o w i n g  s teps:  

1 .  Coal p repara t i on ,  which i nc ludes  crushing,  screening, s i z i n g  o f  t he  run- 
of-mine coal ,  and conveying t h e  s ized coal  t o  t h e  l o c k  hopper feed ing  system (2)  
( n o t  shown i n  f i g u r e  1 ) .  

2. I n  the  upper s e c t i o n  o f  t h e  g a s i f i e r ,  coal  con tac ts  the  hot synthes is  gas 
produced i n  the  lower s e c t i o n  and i s  p a r t i a l l y  conver ted t o  methane and more synthes is  
gas. The en t ra ined  cha r  i n  t h e  raw p roduc t  gas i s  separated and recyc led  t o  the 
lower sect ion,  where i t  i s  g a s i f i e d  t o  produce syn thes i s  gas and heat  requ i red  i n  the  
upper sect ion.  

The hot-carbonate p u r i f i c a t i o n  system reduces the  COP con ten t  o f  t h e  s h i f t e d  
gas t o  0.5 percent and removes e s s e n t i a l l y  a l l  t h e  H2S and COS. Z inc  ox ide  towers 
are prov ided f o r  r e s i d u a l  s u l f u r  cleanup. 

The hea t ing  va lue o f  t he  c lean  gas i s  increased t o  946 B tu  by r e a c t i n g  
hydrogen w i t h  99.8 percent  o f  t h e  CO i n  t h e  presence o f  a n i c k e l  c a t a l y s t  t o  form 
methane and water. 

6. A f te r  gas coo l i ng ,  t h e  mo is tu re  con ten t  o f  t h e  product  i s  reduced t o  7 
pounds per  m i l l i o n  standard cub ic  f e e t .  

The g a s i f i e r s  a r e  designed t o  operate a t  an o u t l e t  pressure o f  1,160 p s i g  and 
a t  maximum temperatures o f  1,700' F and 2,700' F f o r  t he  upper and lower  sect ions,  
r e s p e c t i v e l y .  
coal ,  i s  65.3 percent, based on a coa l  h e a t i n g  va lue o f  13,070 B t u  pe r  pound. 

3. S h i f t  convers ion o f  t h e  syn thes i s  gas t o  H2:CO r a t i o  o f  3 .1 : l .  
4. 

5. 

The thermal e f f i c i e n c y  o f  t he  p l a n t ,  us ing  a Western Kentucky No. 11 
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Slurry Feeding System 

Cost of coal 

The pulverized coal i s  mixed with h o t  condensate t o  produce a 50-50 weight- 
percent coal-water s lu r ry  and then raised t o  the system pressure of approximately 
1,200 psig with t r i p l ex  reciprocating pumps. After being preheated t o  430" F ,  the 
coal s lur ry  is dried i n  a spray dryer w i t h  g a s i f i e r  product gas t h a t  vaporizes the  
water. The coal and humidified gas  a t  660° F flow t o  a cycle separator where the 
coal drops in to  a coal hopper and i s  pneumatically fed t o  the  upper section of the 
gas i f i e r .  This feeding system (3)  i s  i l l u s t r a t e d  in f igure  2 .  The r e s t  of the in te -  
grated plant,  (4)  shown in f igu re  3 ,  i s  the same as  described i n  the lock hopper sys- 
tem except fo r  some changes i n  the s h i f t  conversion, gas i f ica t ion ,  and heat recovery 
uni t s  owing t o  sh i f t i ng  of h e a t  loads. 
same a s  tha t  of the lock hopper system--65.3 percent. 

The thermal e f f ic iency  of the  p lan t  i s  the 

Per year,  MM Per MMBtu 
Lock hopper I S1urr.y I Lock hopper I Slurry 

Capital Investment 

13 
15 

A n  economic evaluation was made of a n  integrated plant sized a n d  designed to  
produce 250 million scf  of h i g h - B t u  gas (946 Btu/scf) by two-stage gas i f ica t ion  of 
Western Kentucky No. 11 coal followed by s h i f t  conversion, pur i f ica t ion ,  methanation, 
and pollution control.  
lock hopper system, o r  $92.4 mill ion higher than f o r  the coal s lu r ry  system. 

Table 1 i s  a capi ta l  requirement comparison of the  two feeding systems. Detailed 
cost  summaries of the major processing uni t s  a r e  not included, b u t  the  cos ts  of the  
individual units are l i s t e d .  General f a c i l i t i e s  include administrative buildings,  
shops, warehouses, ra i l road  spurs ,  ro l l i ng  stock, roads, waste water treatment, and 
fences. 
and instrument a i r ,  f i r e  pro tec t ion ,  and san i ta ry  water a r e  included i n  plant u t i l i t i e s .  

The t o t a l  investment i s  estimated t o  be $533.3 mill ion fo r  the 

The cos ts  of steam and power d i s t r ibu t ion ,  cooling water towers, plant 

137.1 125.0 1.75 1.60 
146.3 134.1 1 .a7 1.72 

Operating Cost 

Table 2 presents the estimated operating Cost comparison fo r  the lock hopper and 
coal s lu r ry  feeding systems. An assumed 90-percent operating fac tor  allows 35 days 
for  downtime, two 10-day shutdowns f o r  equipment inspection and maintenance, and 15 
days f o r  unscheduled operational in te r rupt ions .  With labor a t  $6 per hour, payroll 
overhead a t  30 percent of payro l l ,  and depreciation a t  5 percent of the  subtotal  fo r  
depreciation, allowing c r e d i t  f o r  su l fu r  recovered a t  $25 per ton, and with the  cos t  
of coal as  a variable,  the following operating cos ts  a r e  derived: 

per t o n  I system I feeding I system. I feeding 
$1 1 I $128.0 I $ 115.8 I $1.64 I $1.48 

Based on a 330-day operating year fo r - the  plant and allowing c r e d i t  f o r  su l fur  
produced, with coal cos t s  and discounted cash flow ( D C F )  r a t e s  as parameters, the 
average se l l ing  prices of the gas per Mscf and per MMBtu f o r  the two systems a re  shown 
in the following tab le :  
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The DCF computer program takes i n t o  account the  c a p i t a l  expendi ture,  based on 
100-percent equ i t y ,  p r i o r  t o  s t a r t u p  so t h a t  t h e  i n t e r e s t  d u r i n g  c o n s t r u c t i o n  i s  
de le ted  from t h e  c a p i t a l  requirement. 
i n g  c a p i t a l  i n  t h e  20 th  yea r .  

P rov i s ions  a r e  made f o r  recovery o f  t he  work- 

U n i t  Cost Summary 

The s e l l i n g  p r i c e  used t o  determine the h igh -cos t  elements i n  t h e  process was 
based on a 15-percent DCF f o r  a 20-year p r o j e c t  l i f e ,  w i t h  coa l  a t  $13 per  ton.  
breakdown o f  t he  c o s t  elements f o r  t h e  two systems i s  shown i n  t a b l e  3. 

A 

SUMMARY 

As noted i n  t a b l e  1, the l o c k  hopper feed ing  t o t a l  investment  i s  $92.4 m i l l i o n ,  
o r  21 percent  h ighe r  than the  s l u r r y  feed ing  system investment .  Approximately $69 
m i l l i o n  i s  a t t r i b u t e d  t o  d i f f e r e n c e  i n  feed ing  systems. 

The opera t i ng  c o s t  o f  the l o c k  hopper system i s  about 10 percent  h ighe r  than 
t h a t  o f  t h e  s l u r r y  feed ing  system. Increases i n  maintenance, overhead, and i n d i r e c t  
and f i x e d  costs ,  which a r e  d i r e c t l y  r e l a t e d  t o  t h e  c a p i t a l  investment ,  rep resen t  the  
main d i f f e r e n c e .  

The average s e l l i n g  p r i c e  was based on t h r e e  coa l  cos ts  ($11, $13, and $15 per 
t o n )  and th ree  DCF r a t e s  o f  r e t u r n  (12, 15, and 20 pe rcen t ) .  Over t h i s  range t h e  
s e l l i n g  p r i c e  f o r  t h e  l o c k  hopper system increases f rom $0.33 t o  $0.51 per  Mscf o f  
product ,  o r  $0.35 t o  $0.54 per  MMBtu. Th is  i nc rease  i s  approx imate ly  15 percent .  

CONCLUSION 

Resul ts  o f  t h i s  s tudy i n d i c a t e  t h e  s l u r r y  feeding system i s  more economical 
than the  l ock  hopper system, when used t o  feed a h igh-pressure (1,200 p i i g )  two- 
stage g a s i f i e r  i n  t h e  Bi-Gas process. It must be kep t  i n  mind, however, t h a t  t h i s  
s tudy was conducted under t h e  assumption t h a t  t h e  t e c h n i c a l  problems f o r  both t h e  
coa l  s l u r r y  and l o c k  hopper systems have been so lved.  
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TABLE 1.  - Cap i ta l  requirements,  comparison o f  
l o c k  hopper system w i t h  s l u r r y  feed inq  system 

U n i t  
Coal p repara t ion . .  . . . . . . 
S l u r r y  p repara t i on  ...... 
Lock hopper system ...... 
G a s i f i c a t i o n .  . . . . . . . . . . . 
Heat recovery No. 1.. . . . 
Oust removal. ........... 
S h i f t  conversion ........ 
Heat recovery No. 2 o r  1 
P u r i f i c a t i o n . .  . . . . . . . . . . 
Methanation ............. 
Heat recovery No. 3 o r  2 
Dry ing .................. 
Oxygen p l a n t  ............ 
S u l f u r  recovery. .  . . . . . . . 
Flue gas processing..  . . . 
Steam p l a n t  ............. 
P lan t  f a c i l i t i e s . .  ...... 
P lan t  u t i l i t i e s  ......... 
Tota l  cons t ruc t i on . .  . . . . 
I n i t i a l  c a t a l y s t  

requirements .......... 
To ta l  p l a n t  cos t  ........ 
I n t e r e s t  du r ing  

cons t ruc t ion . .  . .'. . . . . . 
Subtota l  f o r  

dep rec ia t i on  .......... 
Working c a p i t a l . .  . . . . . . . 

Tota l  investment ... 

Lock hopper * 
85,178,000 
20,698,500 

3,402,400 
2,341,100 

10,033,200 

75.71 3,300 
8, i  43,900 

18;782;900 
21,718,000 

873,500 
51,975,000 

2,312,500 

22,822,500 
26,574,200 
38,089,700 

i 6,033,300 

418,987,400 

2,559,800 

421,547,200 

484,779,200 

48,477,900 

- 533,257,100 
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i l u r r y  feeding 

16,435,000 
* 

20,698,500 

2,341,100 
7,700,000 

23,392,600 
75.281 . lo0 
18;782 ;900 
21,718,000 

873,500 
51,975,000 
2,312,500 

16,033,300 

21,956,200 
31,470,500 

20 ,gi o ,000 

346,i 75,600 

2,348,100 

348,523,700 

52,278,600 

400,802,300 

40,080,200 

440,882,500 

D i f f e r e n c e  
0 

;+68,743,000 
0 

+3,402,400 
n 

+2,333,200 
-15,248,700 

+432,200 
0 
0 
0 
0 
0 
0 

+1 ,912,500 
+4,618,000 
+6,619,200 

+72,8i 1,800 

+211 ,700 

+73,023,500 

+10,953,400 

+83,976,900 

+8,397,700 

+92,374,600 



TABLE 2 .  - Annual o p e r a t i n g  cos t ,  
comparison o f  lock  hopper system w i t h  s l u r r y  feeding system 

Cost i tem 

D i r e c t  cost :  
Raw mater ia ls :  

Coal a t  $ I l / t o n  ..... ... 
Raw water.. . . . . . . . . . . . . 
C a t a l y s t  and chemicals. 
Methane. . . . . . . . . . . . . . . . 

Subtotal  . . . . . . . . . . . 

Di rec t  labor  ......... ..... 
Di rec t  labor  supervis ion. .  

Subtotal  ........... 
Maintenance l a b o r . .  . . . . . . . 
Maintenance s u p e r v i s i o n  :. . 
Maintenance m a t e r i a l  
and cont rac ts  ............ 

Subtotal  . . . . . . . . . . . 
Payro l l  overhead .......... 
Operating suppl i es. . . . . . . . 

Total  d i r e c t  c o s t .  

I n d i r e c t  cost.. . . .. . . . . . .. . . 

Fixed c o s t :  
Taxes and insurance ....... 
Oepreci a t ion . .  . . . . . . . . . . . . 

T o t a l ,  be fore  c r e d i t .  

S u l f u r  c r e d i t  ............... 

Operating cost, a f t e r  c r e d i t  

Lock hopper 
system 

$50,294,400 
1,176,100 
2,517,300 

455,600 

54,443,400 

2,470,300 
370,500 

2,840,800 

7,815,000 
1,563,000 

11,722,500 

21,100,500 

3,665,600 
4.22cl,100 

86,270,400 

1 1,264,600 

8,430,900 
24,238,900 

130,204,800 

2,226.700 

- 127,978.1 00 
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S1 u r r y  feeding 
system 

$50,294,400 
1,211,800 
2,504,200 

455,600 

54,466,000 

2,522,900 
378,400 

2,901 ,300 

6,465,000 
1,293,000 

9,697,500 

17,455,500 

3,197,800 
3,491.1 00 

81,511,700 

9,539,200 

6,970,500 
20,040,100 

118,061,500 

2.226.700 

115,834,800 

)i f ference 

0 
8-35,700 
+13,100 

0 

-22,600 

-52,600 
-7,900 

-60,500 

+1 ,350,000 
+270,000 

+2,025,000 

+3,645,000 

+467,800 
+729,000 

+4,758,700 

+1 ,725,400 

+1 ,460,400 
+4,198,800 

b12,143,300 

0 

+12,143,300 



TABLE 3. - U n i t  c o s t  comparison 
- 

Process u n i t  

Coal p repara t i on  ............ 
G a s i f i c a t i o n  . ............... 
Lock hopper system ......... 
S1 u r r y  p repara t i on .  .......... 
Dust removal ................ 
S h i f t  convers ion ............ 
P u r i f i c a t i o n  ................ 
Methanation ................. 
Dry ing ...................... 
Su l fu r  recovery ............. 
Flue gas process ing ......... 

To ta l  .................. 

Cost per  Mr 
ock hopper 

system 

$0.13 

1.32 

.50 

.02 

.18 

.64 

.17 

. O l  

3.08 

Basis: Coal a t  $13/ton - 15% DCF. 
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o f  product  
S l u r r y  feed ing  

system 

$0.13 

1 .41 

.16 

.02 

.05 

.63 

.17 

.01 

- 

.11 

2.69 
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Coal D e s u l f u r i z a t i o n  During Gaseous Treatment 

Edmund Tao Kang Huang* and Al l en  H. P u l s i f e r  

Department of  Chemical Engineer ing  
and 

Energy and Minera l  Resources Research I n s t i t u t e  
Iowa S t a t e  Un ive r s i ty  

Ames, Iowa 50011 

Su l fu r  removal from c o a l  d u r i n g  t r ea tmen t  i n  gaseous a tmospheres  a t  e l e v a t e d  
tempera tures  is of i n t e r e s t  bo th  because  such  a t r ea tmen t  might s e r v e  as a b a s i s  
f o r  a coa l  d e s u l f u r i z a t i o n  p rocess  and because  knowledge of t he  f a t e  of  s u l f u r  
under such c o n d i t i o n s  has  a p p l i c a t i o n  t o  t h e  behavior  of  c o a l  d u r i n g  ca rbon iza t ion  
or g a s i f i c a t i o n .  I n  t h e  work r epor t ed  h e r e ,  d e s u l f u r i z a t i o n  of  b o t h  a raw and 
deashed Iowa c o a l  were i n v e s t i g a t e d  i n  t h r e e  d i f f e r e n t  g a s e s ,  n i t r o g e n ,  hydrogen 
and a 6% oxygen-94% n i t r o g e n  gas  mixture .  With each  g a s ,  bo th  t h e  tempera ture  
and hold ing  time a t  t empera ture  w e r e  v a r i e d .  With hydrogen and n i t r o g e n ,  t h e  
tempera ture  w a s  v a r i e d  between 300 and 700°C. The tempera ture  r ange  used wi th  
t h e  oxygen-nitrogen mixture  was on ly  from 350 t o  455OC due t o  t h e  l a r g e  weight 
l o s s  at  h ighe r  t empera tu res  caused by combustion of t he  sample.  Hold ing  t i m e  a t  
t empera ture  was v a r i e d  from 0 t o  60 min. 

EXPERIMENTAL 

The i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  i n  a Rigaku CN8001 H type  thermal  a n a l y z e r  
which inc luded  a thermal  g r a v i m e t r i c  a n a l y z e r ,  a preprogrammed h e a t i n g  u n i t  and 
tempera ture  c o n t r o l  sys tem,  and a d a t a  r e c o r d i n g  u n i t .  To c a r r y  o u t  a run, about  
300mg of c o a l  ( < 1 2 5 ~ )  w a s  p laced  on t h e  sample pan o f  t h e  thermal  ana lyze r  and 
hea ted  to  t h e  d e s i r e d  tempera ture  us ing  a h e a t i n g  r a t e  of 20°C/min wh i l e  main ta in-  
i n g  a flow of  gas  over  t h e  sample.  A f t e r  ho ld ing  t h e  sample a t  tempera ture  f o r  
t h e  d e s i r e d  per iod  of t i m e ,  t h e  gas  flow w a s  swi tched  t o  n i t r o g e n  and t h e  r e a c t i o n  
chamber was cooled wi th  the  i n i t i a l  c o o l i n g  r a t e  be ing  on t h e  o r d e r  of 250"C/min. 
The sample weight w a s  recorded  con t inuous ly ,  and a t  t h e  end of t h e  run t h e  t o t a l  
and o rgan ic  s u l f u r  c o n t e n t s  of t h e  t r e a t e d  coa l  were de te rmined .  

The c o a l  came from t h e  Jude mine, Mahaska County, Iowa, and i s  a high- 
v o l a t i l e - C  bituminous c o a l .  The r a w  c o a l  con ta ined  3.25% i n o r g a n i c  sulfur and 
3.04% organ ic  sulfur (moi s tu re - f r ee  b a s i s ) .  The deashed Jude  c o a l  w a s  p repared  
by twice  f l o a t i n g  t h e  r a w  c o a l  i n  a heavy l i q u i d  medium having  a s p e c i f i c  g r a v i t y  
of 1 . 3 .  It  conta ined  4.74% o r g a n i c  s u l f u r ,  bu t  on ly  0.69% i n o r g a n i c  s u l f u r .  Thus, 
t h e  r e s u l t s  of exper iments  u s i n g  t h e  deashed c o a l  mani fes ted  l a r g e l y  t h e  behavior  
of t h e  o rgan ic  s u l f u r  compounds i n  t h e  c o a l .  The a n a l y s e s  of t he . r aw and deashed 
c o a l  a r e  shown i n  Table  1. 

Table  1. Proximate a n a l y s e s  of c o a l  samples 

Proximate Ana lys i s  Raw Coal Deashed Coal 

Moisture 1 .22% 2.21% 
Ash 18.80% 5.54% 
V o l a t i l e  matter 39.68% 45.72% 
Fixed carbon 40.30% 46.53% 

*Current ly  a t  Al l i s -Chalmers ,  Milwaukee, Wisconsin.  
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RESULTS AND DISCUSSION 

E f f e c t  o f  Temperature and Hold ing  Time 

The e f f e c t  of t empera tu re  upon s u l f u r  removal i n  each of t h e  t h r e e  g a s e s  was 
i n v e s t i g a t e d  by h e a t i n g  t h e  c o a l  sample t o  t h e  d e s i r e d  t empera tu re  us ing  a h e a t i n g  
rate of 20°C/min. fo l lowed b y  immediate coo l ing .  I n  n i t r o g e n ,  t h e  amount of  s u l f u r  
i n  a l l  forms except  f o r  t h e  o r g a n i c  s u l f u r  i n  t h e  raw c o a l  tended . to  d e c r e a s e  wi th  
i n c r e a s i n g  tempera ture ,  w i t h  t h e  d e c r e a s e  be ing  g r e a t e r  f o r  t h e  deashed c o a l .  A t  
7OO0C, t h e  t o t a l  s u l f u r  c o n t e n t  of t h e  raw c o a l  and t h e  t o t a l  and o rgan ic  c o n t e n t s  
of t h e  deashed c o a l  were 5.60, 3.27 and 3.05 w t . % ,  r e s p e c t i v e l y .  On t he  o t h e r  
hand ,  t h e  o rgan ic  s u l f u r  c o n t e n t  of t h e  r a w  c o a l  i nc reased  from 3.04 t o  4.82 w t . %  
as t h e  tempera ture  w a s  i n c r e a s e d  from room tempera ture  t o  7OO0C. S ince  t h e  raw 
c o a l  conta ined  a s u b s t a n t i a l  amount of  i no rgan ic  s u l f u r ,  t h i s  r e s u l t  i n d i c a t e d  
t h a t  i no rgan ic  s u l f u r  w a s  b e i n g  t ransformed i n t o  o r g a n i c  s u l f u r  d u r i n g  t h e  h e a t i n g  
p rocess .  

The v a r i o u s  s u l f u r  c o n t e n t s  of  t h e  c o a l  samples were n o t  g r e a t l y  a f f e c t e d  
when the  coa l  was he ld  a t  c o n s t a n t  tempera ture .  A t  lower t empera tu res ,  t h e  s u l f u r  
c o n t e n t s  tended t o  d e c r e a s e  s l i g h t l y ,  wh i l e  they tended t o  i n c r e a s e  when h e l d  a t  
h ighe r  tempera tures .  

Fig.  1 shows t h e  e f f e c t  o f  tempera ture  on t h e  t o t a l  and  o r g a n i c  s u l f u r  con- 
t e n t  of t h e  r a w  and deashed c o a l  when t r e a t e d  wi th  hydrogen. Again, excep t  f o r  
t h e  o r g a n i c  s u l f u r  c o n t e n t  o f  t h e  raw c o a l  which inc reased  s l i g h t l y ,  t h e  v a r i o u s  
s u l f u r  c o n t e n t s  a l l  dec reased  wi th  i n c r e a s i n g  tempera ture .  When t h e  c o a l  was 
he ld  a t  t empera ture  f o r  ex tended  p e r i o d s ,  t h e r e  was l i t t l e  change i n  t h e  s u l f u r  
con ten t  a t  tempera tures  below 600'C. However, a t  h i g h e r  t empera tu res  the  s u l f u r  
c o n t e n t  decreased  s i g n i f i c a n t l y  when t h e  sample was h e l d  a t  t empera ture  in hydrogen. 

The e f f e c t i v e n e s s  o f  hydrogen f o r  p r e f e r e n t i a l  removal of t h e  o rgan ic  s u l f u r  
can be determined by comparing t h e  d i f f e r e n c e s  i n  t h e  amount o f  o r g a n i c  s u l f u r  
removed dur ing  t r ea tmen t  w i t h  n i t r o g e n  and hydrogen. Any d e s u l f u r i z a t i o n  i n  n i t r o -  
gen i s  due t o  t h e  e v o l u t i o n  o f  v o l a t i l e  compounds c o n t a i n i n g  s u l f u r .  The re fo re ,  
no matter what t he  t empera tu re  o r  t r ea tmen t  t i m e ,  a unique r e l a t i o n s h i p  should  
e x i s t  between t h e  o r g a n i c  s u l f u r  removed and t h e  weight l o s s .  The d a t a  c o l l e c t e d  
wi th  deashed Jude  c o a l  d i d  indeed  e x h i b i t  such  a r e l a t i o n s h i p  (F ig .  2 ) .  

I n  hydrogen, s u l f u r  is removed e i t h e r  by d e v o l a t i l i z a t i o n ,  a s  i n  n i t r o g e n ,  o r  
by r e a c t i o n  of t h e  hydrogen w i t h  s u l f u r  i n  t h e  o rgan ic  m a t r i x  t o  form hydrogen 
s u l f i d e .  
comparing t h e  o rgan ic  s u l f u r  removed v e r s u s  weight l o s s  cu rves  i n  hydrogen and 
n i t r o g e n  (Fig.  2 ) .  Up t o  a we igh t  l o s s  of about  40% (po in t  A ,  Fig .  2), t h e  o rgan ic  
s u l f u r  l o s s  cu rves  i n  t h e  t w o  gases  w e r e  n e a r l y  the  same. However, a t  h ighe r  
weight  l o s s e s ,  t h e  o r g a n i c  s u l f u r  removed i n  hydrogen inc reased  r a p i d l y  wi th  only  
a s l i g h t  i n c r e a s e  i n  weight  loss i n d i c a t i n g  t h a t  t h e  su l fur -hydrogen  r e a c t i o n  was 
t a k i n g  p l a c e .  All t h e  expe r imen ta l  p o i n t s  a t  weight l o s s e s  g r e a t e r  than  t h a t  
shown by po in t  A were taken  a t  600 and 700'12. Reac t ion  of hydrogen wi th  t h e  s u l -  
f u r  i n  c o a l  appea r s  t h e r e f o r e  t o  be s i g n i f i c a n t  on ly  a t  t empera tu res  above 60OOC. 
A t  lower tempera tures ,  d e s u l f u r i z a t i o n  i n  bo th  hydrogen and n i t r o g e n  occur  on ly  
due to  removal of  v o l a t i l e ,  s u l f u r - c o n t a i n i n g  compounds. The o n s e t  of t he  hydrogen- 
s u l f u r  r e a c t i o n  accoun t s  f o r  t h e  r e d u c t i o n  of s u l f u r  c o n t e n t  w i th  inc reased  hold- 
i n g  t ime a t  tempera tures  above 600'C. 

The e f f e c t i v e n e s s  o f  hydrogenat ion  f o r  d e s u l f u r i z a t i o n  can  b e  judged by 

The f i n a l  g a s  t e s t e d  was a mix tu re  of n i t r o g e n  wi th  6% oxygen. The e f f e c t  on 
t h e  s u l f u r  con ten t  of t r e a t m e n t  i n  t h e  range from 350 t o  455°C was s l i g h t ,  w i th  
a s m a l l  dec rease  i n  t h e  amount of 
h e l d  a t  a tempera ture  i n  t h i s  range .  However, t he  amount of s u l f u r  i n  the  c o a l  
decreased  f a i r l y  s u b s t a n t i a l l y  as t h e  c o a l  w a s  hea ted  from room tempera ture  t o  

a l l  forms of  s u l f u r  o c c u r r i n g  i f  t h e  c o a l  w a s  
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350°C i n  an  o x i d i z i n g  a,tmosphere wi th  t h e  s u l f u r  c o n t e n t s  of t h e  two c o a l s  a t  
350°C be ing  as fo l lows :  

S u l f u r  Content ,  w t . %  
T o t a l  Organic 

Raw c o a l  4.77 2.58 
Deashed c o a l  3.87 3.39 

Transformation of S u l f u r  

i no rgan ic  s u l f u r  was t rapped  by t h e  o r g a n i c  p o r t i o n  of t h e  c o a l  du r ing  t h e  h e a t i n g  
p rocess .  This s a m e  phenomenon has  been observed  by Snow (1) and Cernic-Simic (2 ) .  
In an a t tempt  t o  estimate t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  r e l e a s e d  a s  gas  (GI) or  
transformed i n t o  o rgan ic  s u l f u r  ( f )  and t h e  f r a c t i o n  of o r i g i n a l  o rgan ic  s u l f u r  
r e l eased  as gas  (G2). t h e  fo l lowing  r e a c t i o n  scheme was p o s t u l a t e d .  

A s  prev ious ly  no ted ,  t h e  r e s u l t s  of t h e  exper iments  i n d i c a t e d  t h a t  some of the 

Ino rgan ic  S u l f u r  Ino rgan ic  S u l f u r  Gas 
i n  Coal A i n  t h e  So l id  Residue -+ Released(G1) 

F i x a t i o n  Reac t ion  wi th  
Carbonaeous Material ( f )  

Organic  S u l f u r  i n  + Gas 
Organic S u l f u r  \ 

i n  Coal t h e  So l id  Residue Released(G2)  

By assuming t h a t  t h i s  scheme a p p l i e d  t o  both  t h e  r a w  and deashed c o a l ,  G I ,  G2 
and f were e s t ima ted  from s u l f u r  m a t e r i a l  ba l ances .  Details of  t h e  c a l c u l a t i o n s  
are a v a i l a b l e  e l sewhere  ( 3 ) .  

The f i x a t i o n  r e a c t i o n , c h a r a c t e r i z e d  by f ,  s t a r t e d  a t  30OoC i n  n i t r o g e n  and 
inc reased  r a p i d l y  between 400 and 50OoC wi th  f r each ing  0 .7  a t  700°C. 
g e n e r a l l y  s m a l l  a t  a l l  t empera tu res ,  be ing  between 0 and 0.1. G2 inc reased  
r a p i d l y  between 300 and 500°C, and then  s t a r t e d  t o  l e v e l  o f f  between 600 and 
7OOOC. About 70% of t h e  o r i g i n a l  o rgan ic  s u l f u r  was r e l e a s e d  as  gaseous  com- 
pounds a t  700'C. 
t h e  sample w a s  kep t  a t  c o n s t a n t  tempera ture  was small. 

GI was 

I n  n i t r o g e n ,  t h e  e f f e c t  on G I ,  G 2  and f o f  h o l d i n g  t ime when 

The f r a c t i o n  of  i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  was 
l a r g e r  i n  hydrogen than  i n  n i t r o g e n  a t  low tempera tures  ( F i g .  3 ) .  However, f 
remained c o n s t a n t  a t  tempera tures  above 400°C. 
inc reased  wi th  i n c r e a s i n g  tempera ture  a s  it had i n  n i t r o g e n .  f and G2 i nc reased  
s lowly  when t h e  smaples were he ld  a t  4OO0C, wh i l e  GI remained r e l a t i v e l y  cons t an t .  
A t  7OO0C,  GI and G 2  bo th  inc reased  s l i g h t l y  wi th  ho ld ing  t ime,  b u t  f decreased  
from 0.5 t o  about  0 .2  when t h e  ho ld ing  t i m e  was v a r i e d  from 0 to 60 min. Apparent- 
l y  t h e  H2S formed from t h e  o rgan ic  s u l f u r  r e a c t e d  wi th  the  i r o n  t o  produce FeS. 

GI w a s  a g a i n  small, whi le  G2 

The f r a c t i o n  of i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  i n  t h e  
o x i d i z i n g  atmosphere w a s  comparable t o  t h a t  i n  n i t r o g e n  a t  t h e  same tempera ture .  
It inc reased  r a p i d l y  from about  0 . 1  a t  35OoC t o  0.36 a t  45OoC. The f r a c t i o n  of 
i no rgan ic  s u l f u r  r e l e a s e d  i n t o  t h e  gas  phase (GI) was much l a r g e r  than  i n  n i t rogen  
o r  hydrogen s i n c e  t h e  r e a c t i o n  of p y r i t e  w i th  oxygen is thermodynamically more 
f avorab le  than t h e  r e a c t i o n  of p y r i t e  w i th  hydrogen. GI was a lmos t  unchanged wi th  
temperature between 350 and 455OC and was equa l  t o  about  0 .3 .  G2 a l s o  was l a r g e r  
i n  t h e  oxygen-nitrogen mixture  and inc reased  r a p i d l y  wi th  t empera tu re .  About 55% 
of  t h e  o rgan ic  s u l f u r  was r e l e a s e d  a t  455OC. G 1  and G2 bo th  i n c r e a s e d  wi th  hold- 
i ng  t ime a t  400'C i n  the  o x i d i z i n g  atmosphere,  wh i l e  f dec reased  as t h e  ho ld ing  
t i m e  was inc reased .  
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CONCLUSIONS 

Temperature i s  t h e  most i m p o r t a n t  f a c t o r  i n f l u e n c i n g  d e s u l f u r i z a t i o n  i n  t h e  
The h o l d i n g  t i m e  a t  t e m p e r a t u r e  i s  less impor tan t  except  i n  t h r e e  gases  t e s t e d .  

t h e  c a s e  of hydrogen above 600'C where t h e  s u l f u r  c o n t e n t  of t h e  sample d e c r e a s e s  
w i t h  i n c r e a s e d  h o l d i n g  t i m e .  The e x p e r i m e n t a l  ev idence  i n d i c a t e d  t h a t  t h i s  was 
due t o  t h e  d i r e c t  r e a c t i o n  of hydrogen w i t h  s u l f u r  i n  t h e  o r g a n i c  p o r t i o n  of t h e  
c o a l  which t a k e s  p l a c e  o n l y  a t  tempera tures  of  6OO0C o r  above. I t  was observed 
i n  t h e  exper iments  t h a t  some i n o r g a n i c  s u l f u r  was t ransformed i n t o  o r g a n i c  s u l f u r  
d u r i n g  t h e  gaseous t r e a t m e n t .  The f r a c t i o n s  of i n o r g a n i c  and o r g a n i c  s u l f u r  
r e l e a s e d  a s  g a s e s  and t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  t ransformed i n t o  o r g a n i c  
s u l f u r  were e s t i m a t e d  f o r  e a c h  of t h e  gas  atmospheres and c o n d i t i o n s  of tempera- 
t u r e  and t i m e  used. 
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Fig.  I .  ~ f f e c t  of temperature  on  F i g .  2 .  Organic s u l f u r  removal 
t h e  s u l f u r  con ten t  of  r a w -  a s  a f u n c t i o n  of sample 
and deashed coa l  heated weight l o s s  f o r  deashed 

1 i n  hydrogen. c o a l .  
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F i g .  3 .  E f f e c t  of  temperature on the transform; 
' a t i o n  of  s u l f u r  i n  a hydrogen atmosphere. 
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